磁場中ディラック電子系半金属の電子状態と輸送現象の理論 by 大和田 光明 & Mitsuaki Owada



ªÅbyf`zÍÔ¼m
Í­¾Mç»©míò








ÁóÌä

ÍxÈ®Át ¬ßít|p                 
Óít mti±µòÚ
, Ñ 	 


ªÅbyf`zÍÔ¼m
Í­¾Mç»©míò



ÓòÚ¯jnq 
  ×o éy ¦}¡ 
jn Å½ ² ¦}¡ 
jn Õu Ò }¡ 
jn ÁØ ¿ ¦}¡ 
jn ¨ðó ¦}¡ 




Ç§è
ÁóÌä
, Ñ











 
Theoretical study on the electronic state and the transport 
phenomena of the semimetals with Dirac electrons under a 
magnetic field. 

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
Large and non-saturating magnetoresistance (MR) of semimetals has attracted renewed 
interest since the report of the non-saturating and quadratic MR on WTe2. The interests are 
spread to unusual transport phenomena in topological semimetals, such as in WP2, LaBi, 
Cd3As, and NbP. A feature of these semimetals has the Dirac electron which has a linear 
dispersion and a nearly free hole which has quadratic dispersion. 
 
For the analysis of the experimental data of MR, the semi-classical formula based on the 
Boltzmann equation is useful. The widely used formula is derived for the free electrons which 
have quadratic dispersion, but the Dirac electron has the linear dispersion. It is not adequate 
that using the conventional formula for the analysis of the MR on Dirac electron systems. 
 
In order to clarify the property of MR in the semimetals with Dirac electrons, I studied 
the MR from the effective models of the Dirac electrons. First, the analytical formula of MR for 
the Dirac electron based on the Boltzmann theory is obtained and the existence of the 
correction which is specific to Dirac electrons revealed. Second, the MR for the semimetals in 
the quantum limit (QL) is discussed. By considering the magnetic field dependence of the 
carrier density, the obtained formula of MR for Dirac electrons quantitatively agrees with the 
calculation result based on the Kubo formula not only at weak magnetic fields but also in the 
QL. Third, we discussed the MR on bismuth in the QL. By using the obtained formula and 
considering the Landau levels of bismuth, we quantitatively explained the behavior of the MR 
for bismuth in the quantum limit. Fourth, the angle-dependence of MR is discussed. The MR 
formula for any Fermi-surface is renewed and the behavior of MR from the tight-binding model 
(TB) of bismuth and antimony. The theoretical result of bismuth is qualitatively consistent 
with the experimental data. It was revealed that the angle dependence of hole with TB on 
antimony and with the six ellipsoidal model are different. 
 
In this study, new findings were obtained on the relationship between the electronic state 
of the Dirac electron system semimetal and the magnetoresistance.
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3ୈ1ষ ং࿦ɿݚڀഎܠ
ຊത࢜࿦จ͸ɼిࢠঢ়ଶͱ࣓ؾ఍߅ͷ;Δ·͍ͷؔ܎ʹ͍ͭͯओʹݚڀ͓ͯ͠Γɼͦͷ
಺༰͸ (i)ిࢠঢ়ଶͱ࣓ؾ఍߅ͷ࣓৔ͷมԽʹର͢Δ;Δ·͍ͷؔ܎ɼ(ii)֯౓ґଘ࣓ؾ
఍߅Λ༻͍ͨϑΣϧϛ໘ղੳɼͷೋͭʹ෼͔ΕΔ1ɽނʹɼຊষͷߏ੒Λೋͭʹ෼͚ɼ(i)
ͱ (ii)ͷഎܠͦΕͧΕʹ͍ͭͯهड़͢Δɽ͜ͷষͷ࠷ޙʹຊ࿦จશମͷߏ੒ʹ͍ͭͯઆ໌
͢Δɽ
1.1 σΟϥοΫిࢠͱ࣓ؾ఍߅
࠷ۙɼάϥϑΣϯ΍τϙϩδΧϧઈԑମɼϫΠϧ൒ۚଐͳͲɼσΟϥοΫిࢠܥ෺࣭ͷ෺
ੑ͕஫໨ΛूΊ͍ͯΔ [1–4]ɽ͜ΕΒͷ෺࣭Ͱ͸ɼඇ๞࿨࣓ؾ఍߅΍ઢܗ࣓ؾ఍߅ɼ௒ߴқ
ಈ౓ (ultra-high mobility)ͳͲɼҟৗͳ࣓ؾ఍߅ͷ;Δ·͍͕࣮ݧతʹใࠂ͞Ε [5–8]ɼి
ࢠঢ়ଶͱͷؔ܎͕੝Μʹٞ࿦͞Ε͍ͯΔɽσΟϥοΫిࢠͷಛ௃͸ࣗ༝ిࢠͷΤωϧΪʔ
ͱҟͳΔΤωϧΪʔ෼ࢄʹ͋Δɽࣗ༝ిࢠͷΤωϧΪʔ͕೾਺ͷ̎࣍ʹൺྫʢε ∝ k2ʣ͢
Δͷʹର͠ɼσΟϥοΫిࢠ͸೾਺ͷ̍࣍ʹൺྫ͢Δʢε ∝ k1ʣɽ͔͠͠ɼ͜Ε·ͰͷσΟ
ϥοΫిࢠܥ෺࣭ͷ࣓ؾ఍߅ͷσʔλղੳͰ͸ɼࣗ༝ిࢠͷ໛ܕΛԾఆͨࣜ͠Λ༻͍͍ͯ
Δ৔߹͕͋Δ [5, 9]ɽ͜ͷղੳ͸໰୊Ͱ͋Δɽిࢠঢ়ଶͱ࣓ؾ఍߅ͷؔ܎ʹ஫໨͍ͯ͠Δ
ʹ΋ؔΘΒͣɼσΟϥοΫిࢠͷిࢠঢ়ଶΛແࢹͨ͠ղੳΛߦ͍ͬͯΔɽ͜ΕͰ͸ɼਅͷ
ҙຯͰσΟϥοΫిࢠͷ࣓ؾ఍߅Λٞ࿦͢Δ͜ͱ͸Ͱ͖ͳ͍ɽલड़ͷ໰୊Λղܾ͢ΔͨΊ
ʹɼσΟϥοΫిࢠʹ΋ద༻Ͱ͖Δ࣓ؾ఍߅ͷ͕ࣜඞཁͰ͋Δɽͦ͜ͰຊݚڀͰ͸ɼσΟ
ϥοΫిࢠͷ༗ޮ໛ܕ͔ΒϘϧπϚϯཧ࿦ʹج͍࣓ͮͯؾ఍߅ͷࣜΛ࠶ಋग़͠ɼσΟϥο
Ϋిࢠܥ෺࣭ͷ࣓ؾ఍߅ͷ;Δ·͍Λ໌Β͔ʹ͢Δɽ
ຊݚڀͰ͸ɼσΟϥοΫిࢠͷ࣓ؾ఍߅ͷࣜΛ༻͍ͯɼ୅දతͳσΟϥοΫిࢠܥ෺࣭
Ͱ͋ΔϏεϚεͷ࣓ؾ఍߅ͷܭࢉΛߦ͏ɽϏεϚε͸ݹ͔͘Βݚڀ͞Ε͓ͯΓɼ༗ޮ࣭ྔ
ͳͲͷ෺ੑ͕໌Β͔ͱͳ͍ͬͯΔɽ͔͠͠ɼྔࢠۃݶʹ͓͚Δҟৗͳ࣓ؾ఍߅΋؍ଌ͞Ε
͍ͯΔ [10–13]ʢਤ 1.1ʣɽ෺ੑ͕໌Β͔ͰɼఆྔతʹൺֱՄೳͳϏεϚεͷ࣓ؾ఍߅Λݚ
ڀ͢Δ͜ͱͰɼ෺ੑ͕ෆ໌ͳ෦෼͕ଟ͍A3Bi [2]΍ϫΠϧిࢠܥ෺࣭ͷ࣓ؾ఍߅Λݚڀ͢
Δೖޱ͕։͚Δɽ
σΟϥοΫిࢠͷ࣓ؾ఍߅ͷࣜ͸ɼࣗ༝ిࢠʹ͸ͳ͍૬ର࿦తͳิਖ਼ λεF ؚ͕·Ε͍ͯ
Δɽ͜ͷ λεF ΛؚΉࣜΛ༻͍Δ͜ͱͰɼैདྷͷࣗ༝ిࢠͱಉ༷ʹ࣓ؾ఍߅ͷ࣮ݧσʔλͷ
1ຊത࢜࿦จͷୈ 3ষ͔Βୈ 5ষ·Ͱ͕ (i)ɼୈ 6ষ͕ (ii)ͷ಺༰Ͱ͋Δɽ
4 ୈ 1ষ ং࿦ɿݚڀഎܠ
ਤ 1.1: ϏεϚεͷ࣓ؾ఍߅ʢB ∥Trigonal࣠ʣ[11]ɽ࣓ؾ఍߅͕ B ∼ 35TͰ஋͕๞࿨͢
Δɽిࢠͱਖ਼޸ͷΩϟϦΞີ౓ nɼp͕ҟͳΔ৔߹ (n ̸= p)͸ɼϘϧπϚϯཧ࿦Ͱ͜ͷ;
Δ·͍Λઆ໌͢Δ͜ͱ͕Ͱ͖Δ͕ɼ࣮ݧͰ͔֬ΊΒΕ͍ͯͳ͍ɽ
ղੳ͕ՄೳͱͳΔɽͨͩ͠ɼิਖ਼ λεF͸ϑΣϧϛΤωϧΪʔʹґଘ͢ΔྔͰ͋Δɽ൒ۚଐͰ
͋ΔϏεϚεͷϑΣϧϛΤωϧΪʔͱΩϟϦΞີ౓͸ɼྔࢠۃݶͰ࣓৔ʹґଘ͢Δ [12,14]ɽ
ิਖ਼ λεF ΛՃ͑Δ͜ͱͰɼྔࢠۃݶʹ͓͚ΔΤωϧΪʔͷ࣓৔ґଘੑΛ࣓ؾ఍߅ͷܭࢉʹ
൓өͤ͞ΒΕΔɽ·ͨɼΩϟϦΞີ౓ͷ࣓৔ґଘੑ΋࣓ؾ఍߅ʹେ͖͘ӨڹΛ༩͑ΔɽλεF
ͱΩϟϦΞີ౓ͷ࣓৔ґଘੑೋͭͷޮՌΛ൓өͤ͞Δ͜ͱʹΑΓɼ࣮ݧͰ؍ଌ͞ΕͨϏε
Ϛεͷҟৗͳ࣓ؾ఍߅ʢਤ 1.1 [11]ʣͱఆྔతʹҰக͢Δܭࢉ݁ՌΛಘͨɽ
ຊݚڀͰ͸ϏεϚεͷ࣓ؾ఍߅Λܭࢉ͕ͨ͠ɼ࠶ಋग़ͨࣜ͠͸ϏεϚεҎ֎ͷσΟϥο
Ϋిࢠܥ෺࣭ͷ࣓ؾ఍߅΋͜͜Ͱಋ͍ͨެࣜΛ༻͍ͯܭࢉͰ͖ΔɽՃ͑ͯɼ༗ݶΪϟοϓ
ͷσΟϥοΫిࢠ͚ͩͰͳ͘ɼΪϟοϓϨεσΟϥοΫͷ࣓ؾ఍߅΋ܭࢉ͢Δ͜ͱ͕Ͱ͖ɼ
τϙϩδΧϧઈԑମ΍ϫΠϧిࢠܥͳͲͷྔࢠۃݶʹ͓͚Δ࣓ؾ఍߅ͷݚڀʹԠ༻Ͱ͖Δɽ
ຊݚڀʹΑͬͯɼσΟϥοΫిࢠܥ෺࣭ͷݚڀ͕େ͖͘ൃల͢Δ͜ͱ͕ظ଴Ͱ͖Δɽ
্ड़Ͱ͸࣓ؾ఍߅ͷ࣓৔ґଘੑʹ͍ͭͯ঺հͨ͠ɽ͕ͩɼ࣓ؾ఍߅ͷ֯౓ґଘੑ΋ۙ೥
஫໨ΛूΊ͍ͯΔɽͦ͜Ͱɼిࢠঢ়ଶͱ࣓ؾ఍߅ͷؔ܎ʹؔ͢ΔݚڀΛൃలͤ͞ɼ࣓ؾ఍
߅ͷ֯౓ґଘੑʹ͍ͭͯ΋ݚڀΛߦͳͬͨɽ
1.2 ϑΣϧϛ໘ͱ֯౓ґଘੑ
σΟϥοΫిࢠܥ෺࣭΍WTe2ɼZrSiSͳͲͷڊେͳ࣓ؾ఍߅͕ใࠂ͞Ε͍ͯΔ [5,15]ɽ
WTe2 ͱ ZrSiS͸ପԁମ໛ܕͰදͤͳ͍ෳࡶͳϑΣϧϛ໘Λ࣋ͭɽલઅͰड़΂ͨΑ͏ʹɼ
1.2. ϑΣϧϛ໘ͱ֯౓ґଘੑ 5
࣓ؾ఍߅ͷղੳʹ͸ࣗ༝ిࢠ2ΛԾఆ࣓ͨ͠ؾ఍߅ͷ͕ࣜ༻͍ΒΕΔ͜ͱ͕͋Δ [5,9]ɽ͜
ΕͰ͸ɼପԁମͰදͤͳ͍Α͏ͳϑΣϧϛ໘ͷҟํੑ΍τϙϩδʔΛ࣓ؾ఍߅ͷղੳ΁े
෼ʹ൓өͤ͞Δ͜ͱ͕Ͱ͖ͳ͍ɽ͜ͷ͜ͱ͔Βɼ೚ҙͷϑΣϧϛ໘ʹରͯ͠ܭࢉՄೳͳ࣓
ؾ఍߅ͷࣜΛ࠶ߏங͢Δඞཁ͕͋Δɽ
ຊݚڀͰ͸ɼϘϧπϚϯཧ࿦ʹج࣓ͮ͘ؾ఍߅ͷࣜΛੵ෼දࣔͰվΊͯද͢͜ͱʹΑΓɼ
೚ҙͷϑΣϧϛ໘ʹର͢Δ࣓ؾ఍߅Λཧ࿦తʹܭࢉͰ͖Δख๏Λ։ൃͨ͠ɽ·ͨɼ։ൃ͠
ͨख๏ͷҰ෦ΛԠ༻͢Δ͜ͱͰɼυɾϋʔεʕϑΝϯɾΞϧϑΣϯޮՌʢdHvAʣ΋ಉ༷
ʹܭࢉ͢Δ͜ͱ͕Ͱ͖ΔɽຊݚڀͰ։ൃ࣓ͨ͠ؾ఍߅ͱ dHvAͷܭࢉख๏ΛୈҰݪཧܭࢉ
ͱ૊Έ߹ΘͤΔ͜ͱʹΑΓɼඇৗʹෳࡶͳϑΣϧϛ໘Λ࣋ͭ෺࣭ͰɼϑΣϧϛ໘ͷҟํੑ
΍τϙϩδʔΛ൓ө࣓ͤͨ͞ؾ఍߅ͱ dHvAΛܭࢉ͢Δ͜ͱ͕Ͱ͖Δɽ৽෺࣭͕ใࠂ͞Ε
ͨΒ௚ͪʹ࣓ؾ఍߅ͱ dHvAΛܭࢉ͢Δ͜ͱͰɼͲͷΑ͏ͳ࣮ݧΛߦ͑͹ϑΣϧϛ໘͕ܾ
ఆͰ͖Δ͔ܭըΛཱͯΔ͜ͱ͕Ͱ͖Δɽ·ͨɼཧ࿦ܭࢉͱ࣮ݧ݁Ռʹࠩҟ͕͋Ε͹ɼͦ͜
ʹ৽ͨͳൃݟ͕͋Δ͜ͱΛ஌Δ͜ͱ΋Մೳͩɽ
ຊݚڀͰ͸։ൃͨ͠ख๏Λ༻͍ͯɼΞϯνϞϯͷਖ਼޸ϑΣϧϛ໘ͷ֯౓ґଘ࣓ؾ఍߅ͱ
֯౓ґଘ dHvAΛٞ࿦͢ΔɽΞϯνϞϯݚڀͷྺ࢙͸ݹ͘ɼैདྷͷݚڀͰ͸ɼਖ਼޸ϑΣϧϛ
໘͸̒ͭͷପԁମ͕ݽཱͯ͠ଘࡏ͍ͯ͠Δͱߟ͑ΒΕ͍ͯΔʢ̒ପԁମ໛ܕɼਤ 1.2ʣ[16]ɽ
͔ۙ͠͠೥ɼਤ 1.3ͷΑ͏ͳପԁମ໛ܕͱ͸͔͚཭ΕͨϑΣϧϛ໘Ͱ͋ΔՄೳੑ͕ࣔࠦ
͞Εͨʢ࿈݁ϑΣϧϛ໘ɼਤ 1.3(a)ʣ[17]ɽैདྷͷପԁମ໛ܕΛԾఆ࣓ͯ͠ؾ఍߅ͷࣜͰ
͸ɼ࿈݁ϑΣϧϛ໘ͷτϙϩδʔΛ࣓ؾ఍߅΁े෼ʹ൓өͤ͞Δ͜ͱ͸ࠔ೉Ͱ͋Γɼ࣮ݧ
ͱൺֱ͢Δ͜ͱͷͰ͖Δܭࢉ݁ՌΛಘΔ͜ͱ͕Ͱ͖ͳ͍ɽຊݚڀͷܭࢉʹΑΓɼ࣮ݧͱൺ
ֱՄೳͳ࣓ؾ఍߅ͱ dHvAΛಘΔ͜ͱ͕Ͱ͖Δɽ̒ପԁମ໛ܕʢਤ 1.2ʣͱ࿈݁ϑΣϧϛ
໘ʢਤ 1.3(a)ʣͰ͸ɼ֯౓ґଘ࣓ؾ఍߅ͱ֯౓ґଘ dHvAͰҧ͍͕͋Δ͜ͱ͕ຊݚڀͷܭ
ࢉ͔Β൑໌ͨ͠ɽ
೚ҙͷϑΣϧϛ໘͔Β֯౓ґଘ࣓ؾ఍߅ͱ֯౓ґଘ dHvAΛܭࢉ͢Δ͜ͱ͸ɼϑΣϧϛ
໘Λܾఆ͢Δ্Ͱɼඇৗʹ༗༻Ͱ͋Δɽ࣮ݧ݁Ռ͔ΒϑΣϧϛ໘Λܾఆ͢Δ৔߹ɼόϯυ
ܭࢉ͔ΒಘΒΕΔϑΣϧϛ໘ͷߏ଄Λਓ͕ؒݟͯɼ࣮ݧ݁Ռͱൺֱ͢Δ [18–20]ɽ͜ͷํ๏
Ͱ͸ϑΣϧϛ໘ͷߏ଄͕ෳࡶʹͳΔͱɼ֯౓͝ͱͷҟํੑ΍ϑΣϧϛ໘ͷஅ໘ੵΛਓ͕ؒ
൑அ͢Δ͜ͱ͸ࠔ೉ʹͳΔɽ͔͠͠ɼຊख๏Ͱ͸ػցతʹ࣮ݧͱൺֱՄೳͳ֯౓ґଘ࣓ؾ
఍߅ͱ֯౓ґଘ dHvAΛܭࢉ͢Δ͜ͱ͔ΒɼΑΓਖ਼֬ʹ࣮ݧ݁Ռͱͷൺֱ͕ՄೳʹͳΔɽ
·ͨɼਓ͕ؒݟ͚ͭΒΕͳ͍Α͏ͳҟํੑΛܭࢉ͢Δ͜ͱ͕Ͱ͖ΔͷͰɼ࣮ݧσʔλͷղ
ੳ͕༰қʹͳΔɽ
ຊത࢜࿦จͰ͸ΞϯνϞϯͷਖ਼޸ϑΣϧϛ໘ʹ͍ͭͯܭࢉΛߦͳ͍ͬͯΔ͕ɼΑΓෳࡶ
ͳ ZrSiS [15]΍ LuPtBi [21]ͳͲͷϑΣϧϛ໘ͷ֯౓ґଘ࣓ؾ఍߅ͱ֯౓ґଘ dHvAͷܭ
ࢉ͕ݪཧతʹ͸ՄೳͰ͋Δɽຊݚڀͷख๏Λ༻͍Δ͜ͱͰɼ༷ʑͳ෺࣭ʹ͓͚Δݚڀͷൃ
ల͕ظ଴Ͱ͖Δɽ
2ਖ਼֬ʹ͸ପԁମͷϑΣϧϛ໘
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ਤ 1.2: ΞϯνϞϯͷϑΣϧϛ໘ͷ഑ஔ [16]ɽ֤ L఺ʹిࢠϑΣϧϛ໘ (e)͕Ұͭͣͭɼ
T఺ͷۙ๣ʹਖ਼޸ϑΣϧϛ໘ (h)͕̒ͭଘࡏ͢Δɽ࣮ݧσʔλͷղੳͰ͸ɼిࢠϑΣϧ
ϛ໘ͱਖ਼޸ϑΣϧϛ໘͸શͯପԁମΛԾఆ͠ɼిࢠϑΣϧϛ໘͸ Bisectrix࣠ʹରͯ͠-4◦
ʙ-7◦ [22–24]ɼਖ਼޸ϑΣϧϛ໘͸ Trigonal࣠ʹରͯ͠ 53◦܏͍͍ͯΔ [23, 24]ɽ
ਤ 1.3: Liu–Allen໛ܕʹجͮ͘ΞϯνϞϯͷϑΣϧϛ໘ɿ(a)ਖ਼޸ʢ࿈݁ϑΣϧϛ໘ʣ (b)
ిࢠ [17]
1.2. ϑΣϧϛ໘ͱ֯౓ґଘੑ 7
ຊ࿦จͷߏ੒
ຊ࿦จͷߏ੒͸࣍ͷ௨ΓͰ͋Δɽୈ̎ষͰ͸ɼຊݚڀͱؔΘΓͷ͋Δ “༌ૹཧ࿦”ɼ“࣓
৔தిࢠঢ়ଶ”ͳͲͷجૅతͳཧ࿦ʹ͍ͭͯઆ໌͢Δɽୈ̏ষͰ͸Wolﬀ໛ܕ͔ΒϘϧπ
Ϛϯཧ࿦ʹج࣓ͮ͘ؾ఍߅Λ࠶ಋग़͠ɼͦͷ;Δ·͍Λࣔ͢ɽୈ̐ষͰ͸ɼ࣓৔தͷిࢠ
ঢ়ଶΛϘϧπϚϯཧ࿦ͷ࣓ؾ఍߅΁൓өͤ͞ɼ౳ํతͳσΟϥοΫిࢠܥ൒ۚଐʹ͓͚Δ
ྔࢠۃݶͷ࣓ؾ఍߅ͷ;Δ·͍Λٞ࿦͢Δɽ͜ͷষͰ͸ɼ࠶ಋग़ͨࣜ͠ͷ࣓ؾ఍߅ͱٱอ
ཧ࿦ʹج࣓ͮ͘ؾ఍߅ͱͷൺֱ΋ߦ͏ɽୈ̑ষͰ͸ϏεϚεͷిࢠঢ়ଶͱσΟϥοΫిࢠ
ͷ࣓ؾ఍߅ͷࣜΛ༻͍ͯɼཧ࿦తʹϏεϚεͷྔࢠۃݶʹ͓͚Δ࣓ؾ఍߅ͷ;Δ·͍Λܭ
ࢉ͠ɼ࣮ݧͱͷൺֱΛߦ͏ɽୈ̒ষͰ͸ɼ೚ҙͷϑΣϧϛ໘͔Β֯౓ґଘ࣓ؾ఍߅ͱ֯౓
ґଘ dHvAΛཧ࿦తʹܭࢉ͢Δख๏Λ঺հ͠ɼਤ 1.2ͱਤ 1.3(a)ʹ͍ͭͯɼ֯౓ґଘ࣓ؾ
఍߅ͱ֯౓ґଘ dHvAΛཧ࿦తʹܭࢉͨ͠ɽਤ 1.2ͱਤ 1.3(a)Ͱɼೋͭͷྔͷ֯౓ґଘੑ
ʹ͍ͭͯɼҧ͍Λ໌Β͔ʹͨ͠ɽୈ̓ষ͸ɼຊ࿦จશମͷ૯ׅͱͨ͠ɽ
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͜ͷষͰ͸ɼຊݚڀͱؔ܎͢Δجૅతͳཧ࿦ͱɼຊݚڀΛߦ͏ʹࢸͬͨৄ͍͠എܠΛ঺
հ͢Δɽ࢝Ίʹجૅతͳཧ࿦Ͱ͋Δ “༌ૹཧ࿦”ͱ “࣓৔தࣗ༝ిࢠ”ʹ͍ͭͯ঺հ͢Δɽ
ͦͷޙɼݻମதͷ “σΟϥοΫిࢠ”ͱ “࣓ؾ఍߅”ʹ͍ͭͯ৮ΕΔɽຊষͷ࠷ޙʹઌߦݚ
ڀͷ๊͑Δ໰୊఺ʹ͍ͭͯઆ໌͢Δɽ
2.1 ༌ૹཧ࿦
ಋମͷ྆୺ʹి஑Λͭͳ͙ͱిྲྀ͕ྲྀΕΔ͕ɼిྲྀͷྲྀΕʹ͘͞Λද͢ʮ఍߅ʯͷେ͖
͞͸ɼಋମ͝ͱʹҟͳΔɽ͜ͷҧ͍Λٞ࿦͢ΔͨΊʹ͸ɼిࢠ͕ಋମதΛͲͷΑ͏ʹӡಈ
͢Δͷ͔Λߟ͑Δඞཁ͕͋Δɽ͜ͷઅͰ͸ɼݹయతͳυΡϧʔσ໛ܕɼ൒ݹయతͳϘϧπ
Ϛϯཧ࿦ɼྔࢠ࿦తͳٱอཧ࿦ʹ͍ͭͯ৮ΕΔ [13, 25–31]ɽ
2.1.1 υΡϧʔσ໛ܕ
1900೥ɼPaul Drude͕ۚଐిࢠͷӡಈΛઆ໌͢Δཧ࿦Λൃදͨ͠ [32]ɽݱࡏυΡϧʔσ
໛ܕͱݺ͹ΕΔ͜ͷཧ࿦͸ɼ௚ײతʹཧղ͠΍͘͢ɼ࣮ݧ݁Ռͱͷൺֱ͕༰қͰ͋Δ͔Βɼ
ిؾ఻ಋݚڀͷ༗༻ͳ໛ܕͱݴ͑ΔɽυΡϧʔσ໛ܕ͸࣍ͷ̐ͭΛલఏͱ͍ͯ͠Δ [25]ɽ
1. ిࢠ͸ࣗ༝ిࢠͱ͢Δɽӡಈ͍ͯ͠Δిࢠ͸ۚଐதΠΦϯ΍ଞͷిࢠͱিಥɾࢄཚ
͸͞ΕΔ͕ɼిࢠ–ిࢠؒͷ૬ޓ࡞༻͸ແࢹͰ͖Δɽ
2. ిࢠͱཅΠΦϯͰɼ෺࣭ͷిؾతதੑ͕อͨΕ͍ͯΔɽ
3. ిࢠͱཅΠΦϯ͕িಥ͢Δ֬཰͸ҰఆͰ͋Δɽ
4. ཅΠΦϯʹিಥͨ͠ిࢠͷ଎౓͸ɼিಥͨ͠ཅΠΦϯͷԹ౓ʹΑܾͬͯ·Δɽ͔͠
͠ɼিಥޙͷిࢠ͸ϥϯμϜͳํ޲ʹӡಈ͢ΔͷͰɼ଎౓ͷฏۉ͸θϩʹͳΔɽ
ಋମதͷిࢠʹి৔EΛ࡞༻ͤ͞Δͱɼిࢠͷӡಈํఔࣜ͸࣍ͷΑ͏ʹද͞ΕΔ
mˆ∗
dv
dt
= −eE − 1
τ
mˆ∗v (2.1)
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m∗͸ిࢠͷ༗ޮ࣭ྔɼτ ͸؇࿨࣌ؒΛද͢ɽຊ࿦จͰ͸ɼςϯιϧྔʹ͍ͭͯ͸ mˆ∗ɼµˆ
ͷΑ͏ʹɼه߸ϋοτʢˆʣΛ༻͍Δɽқಈ౓ µˆΛ µij = eτm∗i
δij ͱ͓͖ɼࣜ (2.1)Λ vʹͭ
͍ͯղ͘ͱ
v = −µˆE +Ce− tτ (2.2)
ͱͳΔɽిྲྀ͸ɼे෼ʹ͕࣌ؒܦաͨ͠৔߹Λߟ͑Δ͜ͱ͔Β (t→∞)ɼୈೋ߲͸ແࢹͰ
͖Δɽిྲྀີ౓ j = −envʹࣜ (2.2)Λ୅ೖ͢Δͱɼ
j = enµˆE (2.3)
͕ಘΒΕΔɽj = σˆEΑΓɼిؾ఻ಋ౓ σ͸
σˆ = neµˆ (2.4)
ͱͳΔ͜ͱ͕Θ͔Δɽ
2.1.2 ϘϧπϚϯํఔࣜ
ΩϟϦΞ༌ૹʹ͓͚ΔϘϧπϚϯํఔࣜ͸ɼిࢠͷಈతͳӡಈΛݹయతͳχϡʔτϯͷ
ӡಈํఔࣜʹجͮ͘ͱԾఆ͍ͯ͠ΔɽҰํɼͦΕΒͷྔࢠྗֶతͳΤωϧΪʔ΍ϑΣϧϛ
෼෍ؔ਺Λߟྀ͢Δ͜ͱͰྔࢠྗֶతͳޮՌΛऔΓೖΕΔɽ͜ͷΑ͏ʹɼݹయతͳӡಈʹ
ج͖ͮྔࢠྗֶతͳޮՌΛऔΓೖΕͨϘϧπϚϯํఔࣜ͸ɼ൒ݹయతͳ༌ૹཧ࿦ͷࣜͱݴ
͑Δɽ͜͜Ͱ͸ɼϘϧπϚϯํఔࣜʹج͍ͮͯɼͲͷΑ͏ʹ఻ಋ౓͕ಘΒΕΔ͔঺հ͢Δɽ
೤ฏߧঢ়ଶʹ͓͚Δ೾਺ kͷిࢠͷ෼෍ؔ਺͸ϑΣϧϛ෼෍ؔ਺ f0(k)Ͱදݱ͞ΕΔ
f0(k) =
1
exp [(εk − µ) /kBT ] + 1 . (2.5)
µ͸ԽֶϙςϯγϟϧɼT ͸Թ౓ɼkB͸ϘϧπϚϯఆ਺Ͱ͋Δɽ֎෦͔Βి৔΍࣓৔ɼԹ
౓ࠩΛՃ͑Δ͜ͱʹΑͬͯɼܥ͸೤ฏߧঢ়ଶ͔ΒͣΕͨঢ়ଶʹͳΔɽܥͷϑΣϧϛ෼෍ؔ
਺͕ཚ͞ΕΔ͜ͱͰɼkͷଞʹ࣮ۭؒʹ͓͚Δ࠲ඪ rͱ࣌ࠁ tͷ྆ํʹґଘ͢Δɽ͜ͷཚ
͞Εͨ෼෍ؔ਺Λ f(r,k, t)ͱ͓͘ɽిࢠͷӡಈʹ͍ͭͯߟ͑ͯΈΔɽిࢠͷ଎౓ vkͱӡ
ಈྔ !k͸ɼిࢠͷΤωϧΪʔ εkͱ֎৔͔Βड͚Δྗ F ʹରͯ࣍͠ͷؔ܎Λ࣋ͭ
vk =
1
!∇kεk (2.6)
d(!k)
dt
= F . (2.7)
࣌ࠁ tʹ࠲ඪ (r,k)Ͱ଎౓ vkͷӡಈΛ͢Δిࢠ͸ɼ࣌ࠁ t+ dtʹ (r′,k′) = (r+vkdt,k+
F
! dt)΁Ҡಈ͢Δɽݩʑ(r,k)ʹ͍ͨిࢠ͕ t+ dtʹ (r
′,k′)ʹҠಈ͢Δɽ͜ͷͱ͖ɼೋͭ
ͷ࠲ඪʹ͓͚ΔΩϟϦΞ਺͸౳͍͔͠Βɼ
f(r,k, t)drdk = f(r′,k′, t+ dt)dr′dk′ (2.8)
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͕ຬͨ͞ΕΔɽdrdk, dr′dk′͸Ґ૬ۭؒͷ࠲ඪ (r,k), (r′,k′)ۙ๣ͷඍখମੵΛͦΕͧΕද
͢ɽϦϡʔϏϧͷఆཧ͔Βɼdrdk = dr′dk′͕੒ཱ͢ΔͷͰɼ্ࣜ͸ɼ
f(r,k, t)drdk = f(r′,k′, t+ dt) (2.9)
ͱͳΔɽ͔͠͠ɼӡಈ͍ͯ͠Δిࢠ͸ࢄཚ͞ΕΔ͜ͱ͔Βɼ(r,k)͔Β (r′,k′)΁ຊདྷҠಈ
͠ͳ͍ిࢠ͕ (r′,k′)΁Ҡಈͨ͠ΓɼҠಈ͠ͳ͍৔߹͕͋Δɽ࣌ࠁ dtͷؒʹࢄཚաఔͰม
Խ͢Δిࢠ਺ͷมԽ (∂f/∂t)scatt.dtΛߟྀ͢Δͱ
f
(
r + vkdt,k +
F
! dt, t+ dt
)
= f(r,k, t) +
(
∂f
∂t
)
scatt.
dt (2.10)
͕੒ΓཱͭɽࠨลΛ dtͷҰ࣍·ͰςΠϥʔల։͢Δͱ
vk ·∇rf + F! ·∇kf +
∂f
∂t
=
(
∂f
∂t
)
scatt.
(2.11)
ͱͳΔɽ͜ͷࣜΛϘϧπϚϯํఔࣜͱݺͿɽࣜ (2.11)͸͜ͷ··ͩͱղ͘͜ͱ͕ࠔ೉Ͱ͋
Δɽࢄཚաఔʹ͓͍ͯɼ೤ฏߧঢ়ଶ͔Βඇฏߧঢ়ଶ΁ͷมԽ͸খ͍͞ɽҰൠʹɼ೤ฏߧঢ়
ଶͷํ͕ඇฏߧঢ়ଶΑΓ҆ఆͨ͠ঢ়ଶͰ͋ΔͨΊɼࢄཚաఔʹΑͬͯඇฏߧঢ়ଶʹͳͬͨ
ܥ͸؇࿨࣌ؒ τ Ͱ೤ฏߧঢ়ଶʹ໭Ζ͏ͱ͢Δɽඇฏߧঢ়ଶ͔Β೤ฏߧঢ়ଶ·ͰͷมԽ଎౓
ΛɼͦΕͧΕͷ෼෍ؔ਺ͷࠩͰද͞ΕΔͱԾఆ͢Δͱʢ؇࿨࣌ؒۙࣅʣ
vk ·∇rf + F! ·∇kf +
∂f
∂t
= −f − f0
τ
. (2.12)
ͱͳΔɽిࢠʹҰ༷ͳి৔ E ͚͕ͩಇ͍͍ͯΔͱ͢Δɽ͜ͷͱ͖ɼϑΣϧϛ෼෍ؔ਺͸
∇rf = 0Ͱ͋Δɽ·ͨɼఆৗঢ়ଶʹ͓͍ͯ ∂f/∂t = 0Ͱ͋ΔͷͰɼϘϧπϚϯํఔࣜ͸ɼ
࣍ࣜͰද͞ΕΔ
− e!E ·∇kf = −
f − f0
τ
. (2.13)
ฏߧঢ়ଶ͔Βඇฏߧ෼ঢ়ଶ΁ͷมԽ͕খ͘͞ɼඇฏߧঢ়ଶͷ෼෍ؔ਺͸ฏߧঢ়ଶͷ෼෍
ؔ਺Λ༻͍ͯɼ࣍ࣜͰද͞ΕΔͱԾఆ͢Δɼ
f = f0 − Φ∂f0
∂ε
. (2.14)
Φ͸֎৔ʹΑͬͯ෼෍ؔ਺͕ͲΕ͚ͩมԽ͔ͨ͠ͷॏΈΛද͢ɽࣜ (2.14) Λࣜ (2.13) ʹ
୅ೖ͢Δͱɼ
− e!E ·
[
∇kf0 − (∇kΦ)∂f0∂ε − Φ
(
∇k ∂f0∂ε
)]
=
1
τ
Φ
∂f0
∂ε
(2.15)
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Φ͸֎৔E ʹൺྫ͢ΔͷͰ1ɼࣜ (2.15)ͷEΦͷੵ͸ి৔E ͷ 2࣍ʹͳΓɼઢܗԠ౴ͷ
ൣғͰ͸EΦΛແࢹ͢Δ͜ͱ͕Ͱ͖Δɽ·ͨ 1!∇kf0 = vk ∂f0∂ε ΑΓࣜ (2.15)ͷࠨล͸ɼ
− e!E ·
[
∇kf0 − (∇kΦ)∂f0∂ε − Φ
(
∇k ∂f0∂ε
)]
= − e!E ·∇kf0
= −eE · vk ∂f0∂ε (2.16)
ͱͳΔɽࣜ (2.15)Λมܗͨ݁͠Ռ͕߃౳ࣜͰ͋ΔͨΊʹ͸ ∂f0∂ε ͷ܎਺͕̌Ͱͳͯ͘͸ͳΒ
ͳ͍ɽΑͬͯɼࣜ (2.16)ͱࣜ (2.15)͔Β
Φ = −eτE · vk (2.17)
Ͱ͋Δ͜ͱ͕Θ͔Δɽ
ిྲྀີ౓ jͷఆٛ͸εϐϯͷॖୀΛߟྀ͢Δͱɼ
j = −en ⟨v⟩
=
2
(2π)3
∫
(−e)vkfdk (2.18)
Ͱ͋Δɽ೤ฏߧঢ়ଶʹ͓͍ͯిྲྀີ౓͕θϩͰ͋Δɽࣜ (2.14)ɼ(2.17)Λࣜ (2.18)ʹ୅ೖ
͢Δͱɼ
j =
1
4π3
∫
(−e)vk
(
f0 − Φ∂f0
∂ε
)
dk
=
e
4π3
∫
vkΦ
∂f0
∂ε
dk
=
e2τ
4π3
∫
vk(E · vk)
(
−∂f
0
∂ε
)
dk
(2.19)
͕ಘΒΕΔ2ɽ
ҟํੑΛߟྀͨࣗ͠༝ిࢠͷ৔߹ʹ͍ͭͯߟ͑Δɽ֎৔͕ಇ͍͍ͯͳ͍৔߹ɼ͜ͷిࢠ
ͷΤωϧΪʔ͸
ε =
!2k2x
2m∗x
+
!2k2y
2m∗y
+
!2k2z
2m∗z
(2.20)
1Φ͸֎৔ʹΑΔ෼෍ؔ਺ͷมԽͷॏΈΛද͢ɽ
2f0 ͸೤ฏߧঢ়ଶʹ͓͚ΔϑΣϧϛ෼෍ؔ਺Λද͢ͷͰɼf0 ΛؚΉ߲͸θϩͱͳΔɽ
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Ͱද͞ΕΔɽm∗i ͸ iํ޲ͷ༗ޮ࣭ྔͰ͋ΔɽT = 0KͰ (−∂f0/∂ε) = δ(ε − εF)ΑΓɼ
ࣜ (2.20)Λ༻͍ͯࣜ (2.19)Λੵ෼͢Δͱɼ௚ͪʹ͕࣍ࣜಘΒΕΔɽ
Ji =
ne2τ
m∗i
Ej
= neµijEj . (2.21)
ࣜ (2.21)͔Βɼిؾ఻ಋ౓͸
σˆ = neµˆ (2.22)
Ͱ͋Δɽ൒ݹయతͳϘϧπϚϯཧ࿦ʹैͬͯಘΒΕ্ͨࣜ͸ɼݹయతͳυΡϧʔσཧ࿦
ʢࣜ (2.4)ʣͱ໌Β͔ʹҰக͍ͯ͠Δ [25–27]ɽݹయతͰ͸͋Δ΋ͷͷɼυΡϧʔσཧ࿦͕
৴པͰ͖Δ͜ͱ͕Θ͔Δɽͨͩ͠ɼυΡϧʔσཧ࿦͸ࣗ༝ిࢠΛԾఆ͠ɼిࢠ-ిࢠ૬ؔͳ
ͲΛແࢹ͍ͯ͠Δɽ༗ޮ໛ܕ͕ࣗ༝ిࢠͰ͸Ұக͠ͳ͍ۚଐ΍ɼిࢠ-ిࢠ૬͕ؔڧ͍ܥ
Ͱ͸ɼϘϧπϚϯཧ࿦΍ޙड़͢Δٱอެࣜʹج͍ͮͨܭࢉΛߦ͏΂͖Ͱ͋Δɽ
2.1.3 ٱอެࣜ
ઢܗԠ౴ཧ࿦
T = 0Kͷ৔߹ʹ͍ͭͯߟ͑Δɽཻࢠ਺͕M ͷܥʹ͓͍ͯɼঢ়ଶmͷཻࢠ਺ΛMmͱ
͢Δͱ஫໨͢Δཻࢠ͕ঢ়ଶmͰ͋Δ֬཰ԋࢉࢠPmͱີ౓ߦྻ ρ͸࣍ࣜͰఆٛ͞ΕΔ [29]
Pm = Mm
M
(2.23)∑
m
Pm = 1 (2.24)
ρ =
∑
m
|m⟩Pm ⟨m| (2.25)
⟨n|m⟩ = δnm (2.26)
ࣜ (2.24)-(2.26)ΑΓɼ
Tr(ρ) =
∑
n
⟨n| ρ |n⟩ =
∑
n
Pn = 1 (2.27)
ͱͳΔɽঢ়ଶmʹରͯ͠೚ҙͷ෺ཧྔBͷظ଴஋ ⟨B⟩͸ɼ࣍ࣜͰܭࢉ͞ΕΔ
⟨B⟩ =
∑
m
Pm ⟨m|B |m⟩
=
∑
m,n
⟨n| ρB |n⟩
= Tr(ρB). (2.28)
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ρͷ࣌ؒʹґଘͨ͠γϡϨσΟϯΨʔํఔࣜ
i!∂ |m⟩
∂t
=H |m⟩ (2.29)
͕੒ཱ͢ΔͷͰɼࣜ (2.25)͔Β
i!∂ρ
∂t
=
∑
m
i! ∂
∂t
(|m⟩Pm ⟨m|)
=
∑
m
(
i!∂ |m⟩
∂t
Pm ⟨m|− |m⟩Pm
(
−i!∂ ⟨m|
∂t
))
=
∑
m
(H |m⟩Pm ⟨m|− |m⟩Pm ⟨m|H )
=H ρ− ρH = [H , ρ] (2.30)
ͱͳΔɽ࣌ࠁ t = −∞Ͱ೤ฏߧঢ়ଶʹ͋Δܥͷେਖ਼४ूஂͷີ౓ߦྻ ρ0͸ɼ೤ฏߧঢ়ଶ
ʹ͓͚ΔϋϛϧτχΞϯH0Λ༻͍ͯɼ࣍ࣜͰද͞ΕΔ
ρ0 =
e−βH0
Tr(e−βH0)
. (2.31)
͜ͷ೤ฏߧঢ়ଶͷܥʹ֎৔ʹΑΔઁಈH ′(t)ΛՃ͑ΔͱɼͦͷϋϛϧτχΞϯH ͱີ౓
ߦྻ ρ͸
H = H0 +H
′(t) (2.32)
ρ(t) = ρ0 + ρ
′(t) (2.33)
ͱදݱ͞ΕΔɽρ′(t)͸ H ′(t)ʹΑͬͯੜͨ͡ີ౓ߦྻͷมԽͰ͋Δɽີ౓ߦྻʹ͍ͭͯ
H ′(t)ͷҰ࣍ʹର͢ΔมԽΛݟΔͱɼ
i!∂ρ
′(t)
∂t
= [H0, ρ
′(t)] + [H ′(t), ρ0] (2.34)
͕੒ཱ͢Δ3ɽࣜ (2.34)ͷղ͸
ρ′(t) = − i!
∫ t
−∞
dt′e−iH0(t−t
′)/![H ′(t′), ρ0]eiH0(t−t
′)/! (2.35)
ͱͳΔɽ
೤ฏߧঢ়ଶʹ͓͚Δ೚ҙͷ෺ཧྔBͷฏۉ஋Λ ⟨ρ0B⟩ = 0ͱԾఆ͢Δͱɼࣜ (2.28)͔
Β࣌ࠁ tʹ͓͚ΔBͷฏۉ஋͸
⟨B⟩ = ⟨ρ0B⟩+ ⟨ρ′B⟩ = ⟨ρ′B⟩ (2.36)
3H ′(t)ʹର͢Δີ౓ߦྻͷมԽ͸ ρ′(t)ͷมԽʹ૬౰͢Δɽ·ͨɼ[H0, ρ]͸ H ′(t)ͷ 0࣍ɼ[H ′(t), ρ′(t)]
͸ H ′(t)ͷೋ࣍ͷมԽʹͳΔͷͰɼ͜͜Ͱ͸ແࢹ͢Δɽ
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ͱهड़Ͱ͖Δ4ɽ͜͜Ͱɼ֎৔ͷઁಈΛ࣌ࠁ tʹґଘ͠ͳ͍ԋࢉࢠAΛ࢖ͬͯ
H ′(t) = −Ae−iωt (2.37)
ͱԾఆ͢Δɽࣜ (2.35)ͱ (2.37)Λࣜ (2.36)ʹ୅ೖ͢Δͱɼ͕࣍ࣜಘΒΕΔ
⟨B⟩ = i!
∫ t
−∞
dt′e−iωt
′
Tr
(
e−iH0(t−t
′)/![A, ρ0]eiH0(t−t′)/!B
)
. (2.38)
্ࣜʹ͍ͭͯɼม਺ม׵ (t− t′ = τ)Λߦ͏ͱ
⟨B⟩ = B(ω)e−iωt (2.39)
B(ω) =
i
!
∫ ∞
0
dτeiωτTr
(
e−iH0τ/![A, ρ0]eiH0τ/!B
)
(2.40)
ͱͳΓɼ෺ཧྔͷ౷ܭฏۉ ⟨B⟩͸֎৔ͱಉ࣌ؒ͡ґଘੑΛ࣋ͭ͜ͱ͕Θ͔Δɽࣜ (2.40)͸
֯ৼಈ਺ ωͷ֎৔ʹ͍ͭͯɼҰ࣍ͷ߲·ͰΛߟྀͨ͠෺ཧྔ BͷԠ౴Ͱ͋Δɽ͜ͷ͜ͱ
͔Βɼ্ड़ͷཧ࿦ΛઢܗԠ౴ཧ࿦ͱݺͿɽ
ઢܗԠ౴ཧ࿦Λ༻͍ͯిؾ఻ಋ౓Λܭࢉ͢Δ৔߹ɼࣜ (2.40)͸ͦͷ··࢖༻ͤͣɼมܗ
ͨࣜ͠Λ࢖༻͢Δɽࣜ (2.40)ʹ͍ͭͯ
X(t) = Tr
(
e−iH0t/![A, ρ0]eiH0t/!B
)
(2.41)
ͱ͠ɼ(τ → t)ͷม׵Λߦ͏ͱɼ
B(ω) =
i
!
∫ ∞
0
dteiωtX(t) (2.42)
ͱͳΔɽiω → iω − δ(δ > 0)ͱ͓͘ͱɼ
B(ω) = lim
δ→+0
i
!
∫ ∞
0
eiωtX(t)dt
= lim
δ→+0
i
!
([
e(iω−δ)t
iω − δ X(t)
]∞
0
−
∫ ∞
0
dt
e(iω−δ)t
iω − δ
dX(t)
dt
)
= lim
δ→+0
i
!
(
− X(0)
iω − δ −
∫ ∞
0
dt
eiωt
iω − δ
dX(t)
dt
)
=
i
!
(
−X(0)
iω
−
∫ ∞
0
dt
eiωt
iω
dX(t)
dt
)
(2.43)
ͱͳΔɽ͜͜ͰɼX(t→∞)→ 0ͱԾఆ͢Δͱɼ
X(t→∞)−X(0) = −X(0) =
∫ ∞
0
dX(t)
dt
dt (2.44)
4ߦྻͷର֯࿨͸ઢܕੑΛ࣋ͭ
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͕੒ΓཱͭͷͰɼࣜ (2.43)͸
B(ω) = − i!
∫ ∞
0
eiωt − 1
iω
dX(t)
dt
dt (2.45)
ͱͳΔɽ
࣍ʹX(t)Λ૬ؔؔ਺Ͱදݱ͢Δɽࣜ (2.41)Λ࣌ؒʹ͍ͭͯඍ෼͢Δͱɼ
dX(t)
dt
= −⟨B(t)A˙(0)− A˙(0)B(t)⟩ (2.46)
ͱද͞ΕΔɽͨͩ͠ɼ
A˙ = i!(H0A−AH0) (2.47)
Ͱ͋Δɽ஗ԆάϦʔϯؔ਺ͷఆٛͱରԠ͢ΔΑ͏ʹɼ஗Ԇ૬ؔؔ਺QR(t)Λ
QR(t) = − i!θ(t) ⟨B(t)A˙(0)− A˙(0)B(t)⟩ (2.48)
ͱఆٛ͢Δɽ5ࣜ (2.46)ɼ(2.48)͔Βɼࣜ (2.45)͸
B(ω) = −
∫ ∞
−∞
eiωt − 1
iω
QR(t)dt
= −Q
R(ω)−QR(0)
iω
(2.49)
QR(ω) = − i!
∫ ∞
−∞
dteiωtθ(t) ⟨B(t)A˙(0)− A˙(0)B(t)⟩ (2.50)
ͱͳΔɽ
ిؾ఻ಋ౓
ిՙ−e(e > 0)ͷཻࢠͷूஂʹରͯ͠֎৔Eexp(−iωt)Λ࡞༻ͤ͞Δ৔߹Λߟ͑Δɽ͜
ͷ࣌ɼࣜ (2.37)ͷઁಈϋϛϧτχΞϯH ′(t)ͱԋࢉࢠA͸
H ′(t) = −e
∑
n
rn ·Ee−iωt (2.51)
A = e
∑
n
rn ·E (2.52)
5஗ԆάϦʔϯؔ਺ GR(t− t′)͸৔ͷԋࢉࢠ ψ(t),ψ†(t′)Λ༻͍ͯɼ
GR(t− t′) = − i!θ(t− t
′) ⟨ψ(t)ψ†(t′) + ψ†(t′)ψ(t)⟩
ͱఆٛ͞ΕΔɽׅ ހ ⟨⟩ͷத͕ɼGR(t−t′)Ͱ͸൓ަ׵ؔ܎ɼQR(t)Ͱ͸ަ׵ؔ܎ͱ͍͏ҧ͍͸͋Δ͕ɼGR(t−t′)
ʹ͍ͭͯ t′ = 0ͱ͓͘ͱɼGR(t− t′)ͱ QR(t)ͷ࣌ࠁʹؔ͢Δؔ܎͸ରԠ͢Δɽ
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ͱͳΔɽAʹ͍ͭͯͷϋΠθϯϕϧΫํఔࣜ͸ɼ(H0͸ແઁಈͷϋϛϧτχΞϯ)
A˙ = 1
i! [A,H0]
=
1
i!
e
2m
∑
n
[rn ·E,p2n]
=
e
m
∑
n
pn ·E
= j ·E (2.53)
ͱͳΔɽj͸ܥͷશిྲྀີ౓Ͱ͋Δ (j = (e/m)
∑
n pn)ɽ֎৔ͷԠ౴ʹର͢Δ෺ཧྔBΛ
ిྲྀີ౓ jͷ µ = x, y, zํ޲ͷ੒෼ jµͱߟ͑Δͱɼࣜ (2.49)ɼ(2.53)͔Β
jµ(ω) = σµν(ω)Eν (2.54)
ͱͳΓɼిؾ఻ಋ౓ςϯιϧ σµν ͸
σµν(ω) = − 1
iω
[QRµν(ω)−QRµν(0)] (2.55)
QRµν(ω) = −
i
!
∫ ∞
−∞
θ(t)⟨jµ(t)jν(0)− jν(0)jµ(t)⟩ (2.56)
Ͱ͋Δɽ
༗ݶԹ౓΁ͷ֦ு
લઅ·Ͱ͸ɼT = 0ΛԾఆͨ͠ܭࢉΛߦ͖ͬͯͨɽ͔͠͠ɼݱ࣮ͷ෺ੑΛٞ࿦͢ΔͨΊ
ʹ͸༗ݶԹ౓ (T ̸= 0)ͰͷܭࢉΛߦ͏ඞཁ͕͋Δɽͦ͜Ͱɼࣜ (2.55)ɼ(2.56)ΛԹ౓૬ؔ
ؔ਺QΛ༻͍ͯɼ࣍ͷΑ͏ʹॻ͖௚͢ [30, 31]ɽ
σµν(ω) = − 1
iω
[Qµν(ω)−Qµν(0)] (2.57)
Qµν(τ) = −
∫ β
0
dτeiωλτ ⟨Tτ{Jµ(τ)Jν(0)}⟩ (2.58)
ωλ͸দݪৼಈ਺ɼτ ͸ڏ࣌ؒΛද͢ɽ৔ͷྔࢠԽ͔Βԋࢉࢠ Jµ͸ɼ
Ji = e
∑
viψ
†
kσψkσ (2.59)
ͱද͞ΕΔͷͰɼࣜ (2.58)͸
Q(iωλ) =
e2!2
m2
∑
kk′
kµk
′
νF (iωλ) (2.60)
F = −
∫ β
0
dτeiωλτ ⟨Tτ{ψkσ(τ)ψkσ(τ)ψk′σ′(0)ψk′σ′(0)}⟩ . (2.61)
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ͱͳΔɽψk,ψ
†
k ͸ڏ࣌ؒʹ͓͍ͯΤϧϛʔτڞ໾Ͱ͸ͳ͍ͷͰɼࣜ (2.61) தʹ͓͍ͯ
ψ†k(τ) → ψk(τ) ͱͨ͠ɽF ͸ೋཻࢠάϦʔϯؔ਺ʹ͋ͨΔ෦෼Ͱ͋ΔɽೋཻࢠάϦʔ
ϯؔ਺Λਖ਼֬ʹܭࢉ͢Δ͜ͱ͸೉͍͜͠ͱ͔Βɼ͜͜Ͱ͸ τ > 0ͷ΋ͱɼೋཻࢠάϦʔϯ
ؔ਺Λಠཱͨ͠ೋͭͷҰཻࢠάϦʔϯؔ਺ (F = G (k,−τ)G (k, τ))ʹۙࣅ͢ΔɽϑʔϦΤ
ల։ (G (τ) = β−1
∑
e−iξnτG (iξn))͔ΒɼԹ౓૬ؔؔ਺͸࣍ࣜͰද͢͜ͱ͕Ͱ͖Δ
Qµν(iωλ) = e
2kBT
∑
n,k,σ
vµvνG (k,−iξn)G (k, iξn − iωλ) (2.62)
ξn͸দݪৼಈ਺ͱݺ͹Εɼξn = (2n + 1)πkBT ͷ஋ΛͱΔɽদݪৼಈ਺ͷ࿨
∑
nΛܭࢉ
͢Δ͜ͱͰɼԹ౓૬ؔؔ਺Q͸஗ԆάϦʔϯؔ਺GRͱઌਐάϦʔϯؔ਺GAͰද͞Εɼ
ిؾ఻ಋ౓ (2.57)͕ܭࢉՄೳʹͳΔɽ
ξn ͷ࿨ΛͱΔࡍʹɼෳૉؔ਺ͱཹ਺ఆཧΛ༻͍Δ͜ͱͰܭࢉΛ༰қʹߦ͏͜ͱ͕Ͱ͖
Δɽ·ͣɼҎԼͷΑ͏ͳෳૉੵ෼Λߟ͑Δɽ∮
C
dz
2πi
f(z)g(z) (2.63)
g(z)͸೚ҙͷෳૉؔ਺ɼf(z)͸ϑΣϧϛ෼෍ؔ਺
f(z) =
1
ez/kBT + 1
(2.64)
Ͱ͋Δɽf(z)͸ z = i(2n+ 1)πkBT ʹۃΛ࣋ͭɽ͜ͷۃ͕ɼલड़ͷদݪৼಈ਺ iξnͱҰக
͢Δ͜ͱ͔Βɼཹ਺ఆཧΛ༻͍Δͱɼ
kBT
∑
n
g(iξn) = −
∮
C
dz
2πi
f(z)g(z) (2.65)
͕੒Γཱͭ6ɽ
ࣜ (2.65)ͷੵ෼ܦ࿏͸ɼۃΛݸผʹғΉͱܦ࿏શͯΛ಺ଆʹऩΊΔΑ͏ͳେ͖ͳੵ෼ܦ
࿏Ͱ΋ྑ͍ʢਤ 2.1ʣɽ͔͠͠ɼࠓճܭࢉ͢Δ૬ؔؔ਺ʢࣜ (2.62)ʣͰ͸ɼz = x, x+ iωλ
ͷ௚ઢΛڥʹղੳੑ͕มԽ͢Δʢx͸೚ҙͷ࣮਺ʣɽ͜ͷΑ͏ͳ৔߹ɼIm(z) = 0,ωλͷ௚
ઢΛԣ੾ΔΑ͏ͳܦ࿏ΛͱΕͳ͍͜ͱ͔Βɼਤ 2.2ͷΑ͏ͳੵ෼ܦ࿏Λߟ͑Δɽਤ 2.2ͷ
఺ઢ͸ɼແݶԕํʹ͋ΔͱԾఆ͍ͯ͠Δɽ൒ܘ͕ແݶେͷपճੵ෼෦෼ͷد༩͸θϩʹͳ
Δ͔Β7ɼਤ 2.2ͷ࣮ઢ෦෼ͷܦ࿏C1, C2, C3, C4ʹ͍ͭͯɼ−∞͔Β+∞ൣғͷੵ෼ͩ
6ez/kBT Λ z = i(2n+ 1)πkBT ͷपΓͰɼల։͢Δͱɼ
1
ez/kBT + 1
≃ −kBT 1
z − i(2n+ 1)πkBT
ͱͳΔͷͰɼϑΣϧϛ෼෍ؔ਺ f(z)ͷཹ਺͸ −kBT Ͱ͋Δ
7ྫ͑͹ɼ(z2 + 1)−1 ͱ͍͏ؔ਺ʹ͍ͭͯ Im(z) > 0ྖҬͷपճੵ෼Λߟ͑ͨ৔߹ɼz = reiφ(0 ≤ φ ≤ π)
ͱ͢Δͱɼ ∫
C
1
z2 + 1
dz =
∫ π
0
ireiφ
r2ei2φ + 1
dφ
ͱͳΔɽ r ͕े෼େ͖͍ͱɼ্ࣜ͸ۙࣅతʹ
∫ π
0
ir−1e−iφdφ ͱදͤΔͷͰɼr →∞ͰθϩʹͳΔ [33]ɽ
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Im(z)
Re(z)
ਤ 2.1: (্)ϑΣϧϛ෼෍ؔ਺ f(z)ͷۃͷҐஔʢ×ʣͱۃΛғΉੵ෼ܦ࿏
Im(z)
Re(z)
C1
C2
C3
C4
z = x + iωλ
ਤ 2.2: iξnͷ࿨ΛͱΔͨΊͷੵ෼ܦ࿏
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͚Λߟ͑Ε͹Α͍ɽ
͔͜͜Β͸ɼࣜ (2.62)ͷάϦʔϯؔ਺෦෼ F = kBT
∑
n G (k,−iξn)G (k, iξn − iωλ)ʹ
۩ମతͳؔ਺Λ୅ೖͯ͠ɼ࣮ࡍʹܭࢉ͍ͯ͘͠ɽ͜͜Ͱ͸ɼG (k,−iξn) = 1/(iξn − ε2 +
iΓsgn(ξn))ɼG (k, iξn− iωλ) = 1/(iξn− iωλ− ε1+ iΓsgn(ξn − ωλ))ͱͯ͠ɼF ΛҎԼͷΑ
͏ʹද͢
F = kBT
∑
n
1
iξn − ε2 + iΓsgn(ξn)
1
iξn − iωλ − ε1 + iΓsgn(ξn − ωλ) . (2.66)
Γ͸ෆ७෺ࢄཚΛද͢ʢΓ = !/2τʣɽࣜ (2.65)ͱਤ 2.2ͷੵ෼ܦ࿏͔Βɼࣜ (2.66)͸
F = 1
2πi
[∫ ∞
−∞
dxf(x)
1
x+ !ω − ε2 + iΓ
1
x+ !ω − ε1 + iΓ (C1)
−
∫ ∞
−∞
dxf(x)
1
x+ !ω − ε2 + iΓ
1
x− ε1 − iΓ (C2)
+
∫ ∞
−∞
dxf(x)
1
x− ε2 + iΓ
1
x− !ω − ε1 − iΓ (C3)
−
∫ ∞
−∞
dxf(x)
1
x− ε2 − iΓ
1
x− !ω − ε1 − iΓ
]
(C4). (2.67)
ͱͳΔ89ɽT → 0(K)Ͱ df(x)/dx͸σϧλؔ਺ δ(x−εF)ͱ౳͘͠ͳΔ͜ͱ͔Βɼࣜ (2.67)
ͷ (C1) + (C4)ʹ͍ͭͯ෦෼ੵ෼Λߦ͏ͱɼ
(C1) + (C4) =
1
!ω + ε2 − ε1 + 2iΓ
×
[
ln(εF − ε2 − iΓ)− ln(εF − !ω − ε2 − iΓ)
+ ln(εF − ε1 + iΓ)− ln(εF + !ω − ε1 + iΓ)
]
(2.68)
͕ಘΒΕΔɽ(C2) + (C3)ʹ͍ͭͯ΋෦෼ੵ෼Λߦ͏ͱɼ
(C2) + (C3) = − 1!ω + ε2 − ε1
×
[
ln(εF − ε2 + iΓ)− ln(εF − !ω − ε2 − iΓ)
+ ln(εF − ε1 − iΓ)− ln(εF + !ω − ε1 + iΓ)
]
(2.69)
8ࣜ (2.66)͔Βͷม׵ͷࡍʹɼiωλ → ω ͱ͠ɼܦ࿏ C1 ͱ C2 Ͱ͸ z = x+ ωɼܦ࿏ C3 ͱ C4 Ͱ͸ z = x
ͱஔ͖׵͑Λߦͳ͍ͬͯΔɽੵ෼͸ܦ࿏͕࣮࣠ʹରͯ͠ฏߦͰ͋Δ͜ͱ͔Βɼੵ෼ม਺Λ z → xͱม׵ͨ͠ɽ
9ࣜ (2.66)͸ z−1 = (x ± iΓ)−1 ͷੵΛؚΜͰ͍Δɽ+iΓΛؚΉؔ਺͕஗ԆάϦʔϯؔ਺ GRɼ−iΓΛؚ
Ήؔ਺͕ઌਐάϦʔϯؔ਺ GA ʹ૬౰͢Δɽ
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͕ಘΒΕΔͷͰɼࣜ (2.67)͸
F(ω, ε1, ε2) = i
2π
[
1
!ω + ε2 − ε1 + 2iΓ
×
[
ln(εF − ε2 − iΓ)− ln(εF − !ω − ε2 − iΓ)
+ ln(εF − ε1 + iΓ)− ln(εF + !ω − ε1 + iΓ)
]
− 1!ω + ε2 − ε1
[
ln(εF − ε2 + iΓ)− ln(εF − !ω − ε2 − iΓ)
+ ln(εF − ε1 − iΓ)− ln(εF + !ω − ε1 + iΓ)
]]
. (2.70)
ͱͳΓɼF ͷ۩ମతͳܗΛಘΔ͜ͱ͕Ͱ͖ͨɽ͋ͱ͸ɼϋϛϧτχΞϯ͔Β଎౓ͷߦྻ੒
෼ vij Λܭࢉ͢Δ͜ͱͰɼࣜ (2.57)ɼ(2.62)10ɼ(2.70)͔Βɼిؾ఻ಋ౓ͷ஋Λܭࢉ͢Δ͜
ͱ͕Ͱ͖Δɽ11
2.2 ࣓৔தࣗ༝ిࢠ
࣓৔தͷిࢠ͸࣓৔ͱ଎౓ʹਨ௚ͳํ޲ʹϩʔϨϯπྗΛड͚ɼαΠΫϩτϩϯӡಈΛ
ߦ͏ɽ͜ͷݹయతͳղऍʹΑΓɼ࣓৔தిࢠͷӡಈΛ௚ײతʹཧղ͢Δ͜ͱ͕ՄೳͰ͋Δɽ
Ұํɼ͜ͷݹయతͳղऍͰ͸ɼυɾϋʔε–ϑΝϯɾΞϧϑΣϯৼಈʢdHvAʣ΍γϡϒχί
ϑ–υɾϋʔεৼಈʢSdHʣͳͲɼ࣓৔ʹΑΔৼಈݱ৅Λઆ໌͢Δ͜ͱ͸Ͱ͖ͳ͍ɽ͜ΕΒ
ͷݱ৅Λཧղ͢ΔͨΊʹ͸ɼ࣓৔தిࢠঢ়ଶͷྔࢠ࿦తͳཧղ͕ඞཁʹͳΔɽ͜ͷઅͰ͸
ࣗ༝ిࢠΛྫʹ࣓৔தిࢠͷҰൠతͳੑ࣭ʹ͍ͭͯ৮ΕΔɽຊઅΛॻ͘ʹ͋ͨΓɼ[34,35]
Λࢀߟʹͨ͠ɽ
10ࣜ (2.70)Λ༻͍ͯɼࣜ (2.62)Λॻ͖௚͢ͱ࣍ͷΑ͏ʹͳΔ
Qµν(ω) = −e2
∑
i,j
⟨i| vµ |j⟩ ⟨i| vν |j⟩F(ω, εi, εj)
|i⟩ , |j⟩͸ΤωϧΪʔ εi, εj ͷݻ༗ঢ়ଶɼvµ ͸଎౓ԋࢉࢠɼF ͸ࣜ (2.70)Ͱ͋Δɽ
11࣮ࡍʹ఻ಋ౓Λ਺஋ܭࢉ͢Δ৔߹ɼࣜ (2.57)͸࣍ͷΑ͏ʹएׯͷमਖ਼ΛՃ͑Δඞཁ͕͋Δ,
σµν(ω) = − 1
iω
[Qµν(ω + iδ)−Qµν(+iδ).]
ඍখͳڏ਺߲ iδ Λ෇Ճ͢Δ͜ͱͰɼࣜ (2.69)ͷ܎਺෦෼ʢ1/(!ω + ε2 − ε1)ʣͷൃࢄΛ཈͑ΒΕΔ͔ΒͰ͋
Δɽ
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B
Ly
Lx
ਤ 2.3: αΠΫϩτϩϯӡಈ
2.2.1 يಓӡಈͱిࢠঢ়ଶ
࣓৔தిࢠͷݹయతͳӡಈ
େ͖͕͞ Lx × Ly ͷฏ໘಺Λӡಈ͢ΔిࢠͷӡಈํఔࣜΛߟ͑Δɽ࣓৔B ͷ޲͖͕ z
࣠ํ޲Ͱ͋Δͱ͢Δͱɼిࢠͷӡಈํఔࣜ͸࣍ࣜͰද͞ΕΔɽ
m
d2r
dt2
= −ev ×B. (2.71)
m͸ిࢠͷ࣭ྔɼr͸ిࢠͷ࠲ඪɼt͸࣌ࠁɼe͸ૉిՙʢe > 0ʣɼv͸଎౓ɼB͸࣓৔
Λද͢ɽ͜ͷӡಈํఔࣜͷղ͸ɼ࣍ͷΑ͏ʹಘΒΕΔ
xt = x0 + xc (2.72)
yt = y0 + yc (2.73)
xc =
vy
ωc
(2.74)
yc = −vx
ωc
(2.75)
vx = v0 cosωct (2.76)
vy = v0 sinωct. (2.77)
(xc, yc)͸Ґஔ (x0, y0)͔Βͷ૬ରҐஔΛද͢ɽ্͔ࣜΒ࣓৔தͷిࢠ͸ɼҐஔʢx0, y0ʣΛ
த৺ʹ൒ܘ v0/ωcɼ֯ ৼಈ਺ωc = eB/mͰαΠΫϩτϩϯӡಈ͢Δ͜ͱ͕෼͔Δʢਤ 2.3ʣɽ
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ྔࢠྗֶతʹ࣓৔தిࢠΛٞ࿦͢Δ४උͱͯ͠ɼ࣓৔தిࢠͷϋϛϧτχΞϯΛಋग़͢
Δɽ࿩Λ؆୯ʹ͢ΔͨΊʹɼిࢠʹಇ͘ྗ͸ϩʔϨϯπྗʢࣜ (2.71)ӈลʣͷΈͱ͢Δɽ
ࣜ (2.71)ͷ੒෼ຖͷࣜ͸md2x/dt2 = eBvy,md2y/dt2 = −eBvxͱද͞ΕΔͷͰɼ͜ΕΛ
ຬͨ͢ϥάϥϯδΞϯ L͸࣍ࣜͰද͞ΕΔ
L =
1
2
m(v2x + v
2
y) +
eB
2
(xvy − yvx). (2.78)
࣓৔B͸ϕΫτϧϙςϯγϟϧAΛ༻͍ͯB = ∇×Aͱද͢͜ͱ͕Ͱ͖Δ͔ΒɼA =
(−By/2, Bx/2, 0)ͱ͓͘ͱɼ্ࣜ͸
L =
1
2
m(v2x + v
2
y) + e(A · v) (2.79)
ͱมܗͰ͖ΔɽҰൠԽӡಈྔ pi͸
∂L
∂vi
= mvi + eAi (2.80)
ͱද͞ΕΔͷͰɼࣜ (2.79), (2.80)ͱɼϋϛϧτχΞϯHͷఆٛʢH =
∑
i pivi−Lʣ͔Βɼ
H =
1
2m
(px − eAx)2 + 1
2m
(py − eAy)2 (2.81)
͕ಘΒΕΔ12ɽ
ిࢠͷεϐϯ෼྾Λແࢹ͢Ε͹ɼࣜ (2.81)தͷҰൠԽӡಈ piΛӡಈԋࢉࢠʹม׵͢Δ͜
ͱͰɼྔࢠྗֶతͳ࣓৔தࣗ༝ిࢠͷϋϛϧτχΞϯΛಘΔ͜ͱ͕Ͱ͖Δ13ɽຊֶҐ࿦จ
Ͱܭࢉ͍ͯ͠Δ࣓ؾ఍߅΍ de Haas-van AlphenޮՌͷجຊతͳੑ࣭Λཧղ͢Δͷʹɼε
ϐϯ͸ॏཁͰ͸ͳ͍14ɽྔࢠྗֶతʹ࣓৔தిࢠΛٞ࿦͢Δ४උ͕Ͱ͖ͨͷͰɼ࣓৔தࣗ
༝ిࢠΨεͷྔࢠྗֶతͳੑ࣭ʹ͍ͭͯݟ͍ͯ͘ɽ15
ϥϯμ΢ྔࢠԽ
ฏ໘಺Λӡಈ͢Δεϐϯॖୀ࣓ͨ͠৔தࣗ༝ిࢠͷϋϛϧτχΞϯH ͸ɼࣜ (2.81)
͔Β,
H =
(px − eAx)2
2m
+
(py − eAy)2
2m
. (2.82)
ͱද͞ΕΔ16ɽ
12ݹయతͳ࣓৔தిࢠͷϋϛϧτχΞϯͷಋग़͸ɼࢀߟจݙ [36]ͳͲղੳྗֶͷҰൠతͳڭՊॻʹৄ͘͠
هड़͞Ε͍ͯΔͷͰɼͦͪΒ΋ࢀߟʹ͢Δͱྑ͍ɽ
13εϐϯ͸׬શʹྔࢠྗֶతͳޮՌͰ͋Δ͔Βɼݹయతͳՙిཻࢠͷӡಈ͔ΒϋϛϧτχΞϯΛಋग़ͯ͠
΋ɼεϐϯͷޮՌ͸ݱΕͳ͍ɽ
14جຊతͳੑ࣭Λཧղ͢Δͷʹεϐϯ͕ॏཁͰ͸ͳ͍͚ͩͰɼ࣮ݧσʔλͷղੳͰ͸εϐϯΛແࢹͰ͖ͳ͍ɽ
15ྔࢠ࿦ʹج͍࣓ͮͯ৔தࣗ༝ిࢠΨεͷཧ࿦Λ࠷ॳʹఏҊͨ͠ͷ͸ɼLandauͰ͋Δ [37]ɽ
16ࣜ (2.81)ͱࣜ (2.82)͸શ͘ಉࣜ͡ʹݟ͑Δ͕ɼࣜ (2.82)ͷ px, py ͸ԋࢉࢠͰ͋Δɽ
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ϕΫτϧϙςϯγϟϧAʹ͸೚ҙੑ͕͋Δɽ͜͜Ͱ͸ɼྫͱͯ͠ϥϯμ΢ήʔδA =
(−By, 0, 0)Λߟ͑Δɽ͜ͷͱ͖ɼϋϛϧτχΞϯʢࣜ (2.82)ʣ͸ xґଘੑΛ࣋ͨͳ͍͜ͱ
͔Β px = !kxͱ͓͖͔͕͑ՄೳͳͷͰɼࣜ (2.82)͸
H =
(!kx − eBy)2
2m
+
p2y
2m
=
p2y
2m
+
1
2
mω2c
(
y − l2Bkx
)2
(2.83)
ͱͳΔɽ্ࣜ͸ɼ(x0, y0) = (0, l2Bkx)Λத৺ʹɼαΠΫϩτϩϯৼಈ਺ ωcͰ yํ޲ʹৼಈ
͢Δௐ࿨ৼಈࢠͱಉ͡ϋϛϧτχΞϯͰ͋Δɽࣜ (2.83)͔Β࣓৔தࣗ༝ిࢠͷݻ༗஋͸͢
͙ʹɼ
εl = !ωc
(
l +
1
2
)
(l = 0, 1, 2, ...) (2.84)
ͱ཭ࢄԽ͞Εͨ஋ΛͱΔ͜ͱ͕Θ͔Δɽ͜ͷΑ͏ʹ࣓৔ͰిࢠͷΤωϧΪʔ͕཭ࢄԽ͞
ΕΔ͜ͱΛϥϯμ΢ྔࢠԽɼ཭ࢄԽ͞ΕͨΤωϧΪʔ४ҐΛϥϯμ΢४ҐͱݺͿɽࣗ༝
ిࢠʹ͓͍ͯϥϯμ΢४ҐؒͷΤωϧΪʔ෯ !ωc͸ɼϘʔΞ࣓ࢠ µB = !e/2mΛ༻͍ͯɼ
!ωc = 2µBBͱද͞ΕΔɽ
ࣜ (2.83)͸ɼpx = !kx ͱஔ͖׵͕͑Ͱ͖Δ͜ͱ͔Βɼݻ༗ؔ਺ʹ eikxx ΛؚΉ͜ͱ͕
Θ͔Δɽ·ͨɼyํ޲͸ௐ࿨ৼಈࢠͱಉ͡;Δ·͍Λ͢Δ͜ͱ͔Βɼࣜ (2.83)ͷݻ༗ؔ਺
ψl,kx ͸࣍ࣜͰද͞ΕΔɼ
ψl,kx =
1√
Lx
eikxxHl (y − y0) . (2.85)
Hl͸Τϧϛʔτؔ਺Ͱ͋Δɽ
ϥϯμ΢४Ґʢࣜ (2.84)ʣ͸ kx, kyΛؚ·ͳ͍ɽΑͬͯɼ֤ϥϯμ΢४Ґ͸ॖॏ͍ͯ͠
Δ͜ͱ͕Θ͔Δʢਤ 2.4ʣɽਤ 2.4͔ΒΘ͔ΔΑ͏ʹɼϥϯμ΢४Ґ εlͷॖॏ౓NL(B)͸
B = 0ʹ͓͚Δ࿈ଓͨ͠όϯυ ε(B = 0) = (p2x + p
2
y)/2mͷ 2µBl͔Β 2µB(l + 1)ʹ͋Δ
ঢ়ଶີ౓ʹ౳͍͠ɽͭ·Γɼ
NL(B) =
LxLy
(2π)2
∫
2µBBl≤ε(B=0)<2µB(l+1)
dkxdky (2.86)
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ਤ 2.4: θϩ࣓৔ͱ༗ݶ࣓৔ʹ͓͚ΔΤωϧΪʔͷؔ܎
Λܭࢉ͢Ε͹ྑ͍ɽkl =
√
4mµBl/!2ͱ͢Δͱ, µB = !e/2m͔Βࣜ (2.86)͸ɼ
NL(B) =
LxLy
(2π)2
∫ kl+1
kl
kdkdφ
=
LxLy
(2π)2
1
2
(k2l+1 − k2l )× 2π
=
LxLy
2π
2mµBB
!2
=
eB
2π!LxLy
=
LxLy
2πl2B
(2.87)
ͱͳΔɽNL(B)Λϥϯμ΢ॖॏ౓ͱݺͿɽNL(B)͸ܥͷେ͖͞ʹґଘ͢Δ͕ (NL(B) ∝
Lx, Ly)ɼҎ߱Ͱ͸ಛʹஅΒͳ͍ݶΓશͯ୯ҐମੵΛԾఆ͢ΔʢLx = Ly = Lz = 1ʣɽ
͔͜͜Β͸ࡾ࣍ݩͷࣗ༝ిࢠΨεʹ͍ͭͯߟ͑Δɽೋ࣍ݩͷ৔߹ͱಉ༷ʹ࣓৔B͸ z࣠
ʹฏߦͳ৔߹ΛԾఆ͢Δͱɼ࣓৔ʹରͯ͠ฏߦͳӡಈ͸θϩ࣓৔ͷ৔߹ͱಉ͡ʹͳΔɽ͜
ͷͱ͖ɼϕΫτϧϙςϯγϟϧΛA = (Ax, Ay, 0)ͱ͓͘ͱɼࡾ࣍ݩࣗ༝ిࢠΨεͷϋϛ
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ਤ 2.5: ࡾ࣍ݩࣗ༝ిࢠͷϥϯμ΢४Ґɿ४ҐؒͷΪϟοϓ εl+1,kz − εl,kz ͱॖॏ౓NL͸
!ωcʹґଘ͢Δ
ϧτχΞϯͱϥϯμ΢४Ґ͸࣍ࣜͰද͞ΕΔɼ
H =
1
2m
(px + eAx)
2 +
1
2m
(py + eAy)
2 +
1
2m
p2z (2.88)
εl,kz = !ωc
(
l +
1
2
)
+
1
2m
!2k2z . (2.89)
ࣜ (2.89)͔Β෼͔ΔΑ͏ʹɼϥϯμ΢४Ґຖʹ̍࣍ݩతͳ;Δ·͍Λࣔ͢ (ਤ 2.5)ɽ·ͨɼ
ϥϯμ΢४Ґຖͷঢ়ଶີ౓Dl(ε, B)͸ɼҰ࣍ݩܥͱಉ༷ͷܗΛ͢Δɽεϐϯॖॏ౓Λߟྀ
͢ΔͱɼDl(ε, B)͸࣍ࣜͰද͞ΕΔ
Dl(ε, B) =
1
π
NL(B)
∫
B.Z.
δ(ε− εlkz)dkz
=
√
2m
π! NL
1√
ε− !ωc
(
l + 12
) . (2.90)
ϥϯμ΢४Ґʹ͍ͭͯঢ়ଶີ౓ͷ࿨ΛऔΔ͜ͱͰɼܥશମͷঢ়ଶີ౓D(ε, B)ΛಘΔɼ
D(ε, B) =
∑
l
√
2m
π! NL
1√
ε− !ωc
(
l + 12
)Θ(ε− !ωc(l + 12
))
(2.91)
Θ(ε) =
{
1 (ε ≥ 0)
0 (ε < 0)
(2.92)
2.2. ࣓৔தࣗ༝ిࢠ 27
 0
 0.05
 0.1
 0.15
 0.2
 1  1.2  1.4  1.6  1.8  2
 D
(E
) 
E 
ਤ 2.6: ࡾ࣍ݩࣗ༝ిࢠͷঢ়ଶີ౓ɿʢ੺ʣ༗ݶ࣓৔B ̸= 0ʢ੨ʣθϩ࣓৔B = 0 ɽ༗ݶ࣓
৔ͷঢ়ଶີ౓ʹؔ͠ɼϐʔΫΛແࢹ͢Δͱθϩ࣓৔ͷঢ়ଶີ౓ͱಉ͡Α͏ʹ૿Ճ͢Δ͜ͱ
͕෼͔Δ
ࣜதͷΘ (ε)͸֊ஈؔ਺Ͱ͋Δɽ࣓৔தͷࡾ࣍ݩࣗ༝ిࢠΨεͷঢ়ଶີ౓͸ɼ֤ϥϯμ΢
४ҐͷԼ୺Ͱڧ͍ϐʔΫΛ࣋ͪʢਤ 2.6ʣɼঢ়ଶີ౓ͷϐʔΫ͸ΤωϧΪʔʹରͯ͠ !ωc
ͷपظతʹݱΕΔɽपظ !ωc ∝ B Ͱ͋Δ͜ͱ͔ΒɼϐʔΫͷपظ͸࣓৔ͷҰ࣍ʹൺྫ͢
Δʢ∝ Bʣɽ
೚ҙͷܥͷ࣓৔தΩϟϦΞີ౓ nΛಋ͘ɽΩϟϦΞີ౓ n͸೚ҙͷঢ়ଶີ౓D(ε)ͱϑΣ
ϧϛ–σΟϥοΫ෼෍ؔ਺ fF(ε)Λ༻͍ͯ࣍ͷΑ͏ʹද͞ΕΔɽ
n =
∫ ∞
−∞
dεD(ε)fF(ε) (2.93)
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ࣜ (2.90)ͷҰߦ໨ͱ
∑
l͔Βɼ࣓৔தిࢠͷΩϟϦΞີ౓ n(B)Λܭࢉ͢Δͱ
n(B) =
∑
l
1
π
NL(B)
∫ ∞
−∞
dεfF(ε)
∫
B.Z.
δ(ε− εlkz)dkz
=
∑
l
eB
2π2!
∫ εF
εl(kz=0)
dε
∫
B.Z.
dkz
2δ(kz − k0)∣∣∣(∂εlkz
∂kz
)
kz=k0
∣∣∣
=
eB
π2!
∑
l
∫ εF
εl(kz=0)
dε
1∣∣∣(∂εlkz
∂kz
)
kz=k0
∣∣∣
=
eB
π2!
∑
l
∫ kFl
0
dkz
=
eB
π2!
∑
l
kFl (2.94)
ͱͳΔɽkFl͸֤ϥϯμ΢४ҐͷϑΣϧϛ೾਺Λද͢ɽ࣓৔தిࢠͷΩϟϦΞີ౓͸ɼϥ
ϯμ΢४ҐຖͷϑΣϧϛ೾਺ͷ࿨ʹൺྫ͢Δ͜ͱ͕෼͔Δ (n ∝∑l kFl)ɽ
͜Ε·Ͱ͸εϐϯ࣓ؾϞʔϝϯτͱ࣓৔ͷ૬ޓ࡞༻ʹ͍ͭͯ͸ແࢹ͖ͯͨ͠ɽ͜ͷ૬ޓ
࡞༻Λߟྀ͢Δͱ࣓৔தࣗ༝ిࢠͷϋϛϧτχΞϯͱΤωϧΪʔ४Ґ͸࣍ͷΑ͏ʹද͞
ΕΔɽ
H =
1
2m
(px + eAx)
2 +
1
2m
(py + eAy)
2 +
1
2m
p2z − gµBs ·B (2.95)
εl,kz ,σ =
(
l +
1
2
)
!ωc +
!2k2z
2m
+ σ
1
4
gβ0B (2.96)
β0 = 2µB (2.97)
s͸εϐϯԋࢉࢠɼg͸ gҼࢠʢࣗ༝ిࢠͰ͸ɼg = 2Ͱ͋Δʣɼσ͸εϐϯͷූ߸ (σ = ±1)ɼ
µB ͸ϘʔΞ࣓ࢠΛද͢ɽεϐϯॖୀΛ͍ͯͨ͠ϥϯμ΢४Ґ͸෯ gβ0B/2Ͱ෼྾͢Δ͜
ͱ͕෼͔Δɽ͜ͷ෼྾ΛθʔϚϯ෼྾ͱݺͿɽθʔϚϯ෼྾͸఻ಋిࢠͷৗ࣓ੑ΍ɼ࣍અ
Ͱ঺հ͢ΔྔࢠৼಈʹӨڹΛ༩͑Δɽ
2.2.2 ྔࢠৼಈ
ۚଐ΍൒ۚଐͰిؾ఍߅΍࣓Խͷ࣓৔ґଘੑΛଌఆ͢Δͱɼ࣓৔ʹґଘͯ͠஋͕ৼಈ͢
Δɽ͜ͷৼಈݱ৅ΛྔࢠৼಈͱݺͿɽ࣓৔தిࢠͷঢ়ଶີ౓͸ਤ 2.6Ͱࣔͨ͠Α͏ʹɼΤ
ωϧΪʔִؒ !ωcຖʹେ͖ͳϐʔΫΛ࣋ͭɽ࣓৔͕มԽ͢Δͱɼϥϯμ΢४ҐؒͷΪϟο
ϓ͕େ͖͘ͳΓɼόϯυ୺ͱϑΣϧϛΤωϧΪʔ͕ަࠩ͢Δɽ͜ͷͱ͖ɼϑΣϧϛΤωϧ
ΪʔͰͷঢ়ଶີ౓͕ϐʔΫΛ࣋ͭͷͰɼ఍߅΍࣓ԽͰۃେ஋΍ۃখ஋͕ੜ͡Δɽ͜ͷݱ
৅͸ϥϯμ΢४ҐͱϑΣϧϛΤωϧΪʔͷେখؔ܎͕มԽ͢Δͨͼʹੜ͡ɼৼಈͱͯ͠؍
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ਤ 2.7: ྔࢠৼಈͷൃݟɿʢࠨʣSdHޮՌ [38]ʢӈʣdHvAޮՌ [39]
ଌ͞ΕΔʢਤ 2.7ʣɽྔࢠৼಈ͸ɼిؾ఍߅΍࣓Խʹ͓͍ͯγϡϒχίϑ–υɾϋʔεޮՌ
ʢShubnikov-de Haas eﬀectɼSdHʣ[38]΍ɼυɾϋʔεʔΞϧϑΣϯޮՌʢde Haas-van
Alphen eﬀect, dHvA) [39]ͱݺ͹ΕΔɽྔࢠৼಈ͸఍߅΍࣓ԽҎ֎ͷ෺ཧྔͰ΋؍ଌ͞Ε
Δʢਤ 2.8ʣɽ
2.2.3 ྔࢠۃݶ
ҹՃ࣓৔Λେ͖͘͢Δͱϥϯμ΢෼྾෯ !ωc΍θʔϚϯ෼྾෯ gβ0B/2͕૿େ͠ɼϑΣ
ϧϛΤωϧΪʔʹ͔͔Δϥϯμ΢४Ґͷ਺͕ݮগ͢Δɽ࣓৔Λେ͖͘͠ଓ͚Δͱྔࢠۃݶ
ͱݺ͹ΕΔɼ͢΂ͯͷΩϟϦΞిࢠʢਖ਼޸ʣ͕࠷௿ϥϯμ΢४ҐͷΈʹด͡ࠐΊΒΕΔঢ়
ଶʹ౸ୡ͢Δ (ਤ 2.9)ɽࡾ࣍ݩܥͷϑΣϧϛΤωϧΪʔ͸ऑ࣓৔Ͱ࣓৔ʹґଘ͠ͳ͍͕ɼ
ྔࢠۃݶʹۙͮ͘ͱɼϑΣϧϛΤωϧΪʔ͕࣓৔ʹґଘ͢ΔΑ͏ʹͳΔʢਤ 2.10ʣɽऑ࣓
৔Ͱ͸ϥϯμ΢Ϊϟοϓͷ෯͕ڱ͘ɼଟ͘ͷϥϯμ΢४Ґ͕ϑΣϧϛΤωϧΪʔʹ͔͔Δɽ
·ͨɼϥϯμ΢ॖॏ౓΋খ͍͜͞ͱ͔Βɼ४ҐҰͭ͋ͨΓͷӨڹ͸ඇৗʹখ͍͞ɽ࣓৔ͷ
૿ՃʹΑͬͯϑΣϧϛΤωϧΪʔʹ͔͔Δ४Ґͷ਺͕ݮগͯ͠΋ɼϑΣϧϛΤωϧΪʔʹ
༩͑ΔӨڹ͸খ͍͞ɽҰํɼྔࢠۃݶۙ๣Ͱ͸ϥϯμ΢ॖॏ౓͕େ͖͘ͳΓɼϑΣϧϛΤ
ωϧΪʔʹ͔͔Δϥϯμ΢४Ґ΋਺ݸ͔͠ଘࡏ͠ͳ͍͜ͱ͔Βɼ४ҐҰͭ͋ͨΓͷӨڹ͕
େ͖͘ͳΔɽͦͷ݁Ռɼ֤ϥϯμ΢४Ґͷ࣓৔ґଘੑ͕ϑΣϧϛΤωϧΪʔʹڧ͘ӨڹΛ
༩͑ΔΑ͏ʹͳΔɽ
50Tͷ࣓৔தࣗ༝ిࢠͷϥϯμ΢෼྾΍θʔϚϯ෼྾෯͸਺meVҎԼʢ!ωc ∼ 5meVʣ
Ͱ͋Δɽ͜Ε͸ɼҰൠతͳۚଐͷϑΣϧϛΤωϧΪʔ͕਺ eVʢεNaF = 3.23 eVɼ ε
Cu
F =
7.00eVʣͰ͋Δͷʹର͠ɼඇৗʹখ͍͞ [43]ɽҰൠతͳࡾ࣍ݩܥۚଐͰ͸ྔࢠۃݶʹ౸ୡ
͢Δͷʹ਺ඦςεϥҎ্ͷ࣓৔͕ඞཁͰ͋Δɽ͔͠͠ɼ൒ۚଐ΍ڱΪϟοϓ൒ಋମͳͲ͸ɼ
ϥϯμ΢ΪϟοϓͱθʔϚϯ෼྾෯͕େ͖͘ɼϑΣϧϛΤωϧΪʔ͕਺meV͔Β਺ेmeV
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ਤ 2.8: ༷ʑͳྔࢠৼಈɿʢ্ʣBiͷωϧϯετ܎਺ [40]ʢதʣBeͷൺ೤ [41]ʢԼʣHgͷ
௒Ի೾ٵऩ [42]
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ਤ 2.9: ྔࢠۃݶ֓೦ਤɿn±͸ϥϯμ΢४ҐͰ͋Δɽ
B(T)
B
En
erg
y
ਤ 2.10: ࣓৔தࡾ࣍ݩࣗ༝ిࢠͷΤωϧΪʔ࣓৔ґଘੑɿʢࡉઢʣσ = −1ʢഁઢʣσ = +1
ʢଠઢʣϑΣϧϛΤωϧΪʔɽ
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ਤ 2.11: ྔࢠۃݶྖҬʹ͓͚Δଌఆɿʢࠨ্ʣBiͷωϧϯετ܎਺ [14]ʢӈ্ʣCd3As2ͷ
࣓ؾ఍߅ [49]ʢࠨԼʣάϥϑΝΠτͷ࣓ؾ఍߅ [45]ʢӈԼʣZrTe5ͷ࣓ؾ੺֎෼ޫ๏ [48]
ఔ౓ͱখ͍͞ɽΑͬͯɼ൒ۚଐ΍ڱΪϟοϓ൒ಋମͰ͸ɼ਺ςεϥఔ౓ͷ࣓৔͕෺ੑʹେ
͖ͳӨڹΛ༩͑Δɽ୅දతͳ൒ۚଐͷҰͭͰ͋ΔϏεϚε͸ɼΘ͔ͣ 1.5ςεϥͷ࣓৔Ͱ
ྔࢠۃݶঢ়ଶʹͳΔ [14, 44–48]ɽਤ 2.11͸ɼྔࢠۃݶঢ়ଶͷଌఆ͕ߦΘΕ࣮ͨݧ݁ՌͰ
͋Δɽ
2.3 σΟϥοΫిࢠͱ൒ۚଐ
1928೥ P. A. M. Dirac͸ਅۭதͷ૬ର࿦తͳిࢠʹؔ͢Δཧ࿦Λൃදͨ͠ [50]ɽ͜ͷ
૬ର࿦తͳిࢠΛσΟϥοΫిࢠͱݺͿɽ͜ͷσΟϥοΫిࢠͱಉ͡ಛ௃Λ࣋ͬͨిࢠ͕
݁থதʹ΋ଘࡏ͢ΔɽਅۭதͷσΟϥοΫిࢠͱ۠ผ͢ΔͨΊʹɼ͜ΕΒͷిࢠΛ “ݻମ
த”σΟϥοΫిࢠͱݺͿɽॳΊͯݻମதσΟϥοΫిࢠͰ͋Δͱಉఆ͞Εͨͷ͸ɼϏε
Ϛεͷ L఺ిࢠͰ͋Δ [51, 52]ɽݱࡏ͸άϥϑΣϯ΍ α-(BEDT-TTF)2I3ɼA3Bi(A͸ K,
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ਤ 2.12: σΟϥοΫిࢠͷΤωϧΪʔʢࠨʣ࣭ྔΛ࣋ͬͨσΟϥοΫిࢠʢmassive Diracʣ
ʢதʣ࣭ྔΛ࣋ͨͳ͍σΟϥοΫిࢠʢmassless Dirac, gapless DiracʣʢӈʣϫΠϧిࢠɽ
Na, Rb)΋ݻମதσΟϥοΫిࢠΛ࣋ͭ͜ͱ͕஌ΒΕ͍ͯΔ [2,53,54]ɽ·ͨۙ೥Ͱ͸ɼਅ
ۭதσΟϥοΫిࢠͷ࣭ྔ͕θϩͷ৔߹ͷϫΠϧϑΣϧϛΦϯͱಉ͡Α͏ʹ;Δ·͏ݻମ
தͷిࢠʢϫΠϧిࢠʣ17΋੝Μʹݚڀ͞Ε͍ͯΔ [55–59]ɽ͜ͷઅͷલ൒Ͱ͸ݻମதσΟ
ϥοΫిࢠʹ͍ͭͯ঺հ͠ɼޙ൒Ͱ͸ຊݚڀͰ࣓ؾ఍߅Λܭࢉͨ͠V଒൒ۚଐʹ͍ͭͯ঺
հ͢ΔɽҎ߱Ͱ͸ɼ୯ʹ “σΟϥοΫిࢠ”ͱهड़͞Ε͍ͯΔ৔߹ɼ“ݻମதσΟϥοΫి
ࢠ”ͷ͜ͱΛࢦ͢ɽ
2.3.1 ༷ʑͳσΟϥοΫిࢠ
“σΟϥοΫిࢠ”ͱݴͬͯ΋ɼ࣭ྔ͕༗ݶͳ஋Λ࣋ͭσΟϥοΫిࢠʢmassive Diracɼ
ਤ 2.12(ࠨ)ʣͱ࣭ྔθϩͷσΟϥοΫిࢠʢmassless Diracɼਤ 2.12(த)ʣ͕͋Δɽ࣭ྔ
θϩͷσΟϥοΫిࢠͷதʹ͸ɼϫΠϧిࢠʢਤ 2.12(ӈ)ʣͱݺ͹ΕΔ΋ͷ΋͋Γɼͦͷ
෺ੑ͕੝Μʹݚڀ͞Ε͍ͯΔɽ֤σΟϥοΫిࢠ͸ͦΕͧΕҟͳΔ໛ܕͰද͞ΕΔ͕ɼ͍
ͣΕ΋ΤωϧΪʔ෼ࢄ͕೾਺ͷҰ࣍ʹൺྫ͢Δͱ͍͏ڞ௨఺Λ࣋ͭʢε ∝ k1ʣɽ
ͲͷΑ͏ʹσΟϥοΫిࢠ͕ଘࡏ͢Δͷ͔͸෺࣭ຖʹҟͳΔɽྫ͑͹ɼϏεϚεͷσΟ
ϥοΫిࢠ͸εϐϯيಓ݁߹͕ॏཁͳ໾ׂΛՌ͍ͨͯ͠Δ18 [14,51]ɽϏεϚε΍PbTeͷ
Α͏ʹεϐϯيಓ݁߹ͷڧ͍෺࣭͕σΟϥοΫిࢠΛ࣋ͭ [2, 63, 64]͜ͱ͔ΒɼσΟϥο
Ϋిࢠͱεϐϯيಓ݁߹ͷڧ͞͸ີ઀ͳؔ܎ʹ͋ΔΑ͏ʹࢥ͑Δ͕ɼάϥϑΝΠτ (C)ͷ
Α͏ʹεϐϯيಓ݁߹ͷখ͞ͳ෺࣭19΋σΟϥοΫిࢠΛ࣋ͭ [66]ɽ͜ͷ͜ͱ͔Βɼεϐ
ϯيಓ݁߹ͱσΟϥοΫిࢠͷ༗ແ͸ඞͣ͠΋ؔ܎͕͋ΔΘ͚Ͱ͸ͳ͍ [66]ɽ࠷ۙͷݚڀ
Ͱɼ3࣍ݩܥͷ࣭ྔθϩͷσΟϥοΫిࢠʢਤ 2.12(த)ʣʹ͍ͭͯ৽ͨʹใࠂ͕͋Γɼ࣌
17σΟϥοΫํఔࣜ [50]
H ψ = (cαˆ · p− c2βˆm)
ʹରͯ͠ɼm = 0ͷ৔߹ΛϫΠϧํఔࣜͱݺͿɽ
18͜͜Ͱ͍͏ɼεϐϯيಓ݁߹͸ɼݽཱݪࢠͷεϐϯيಓ݁߹ʹ౰ͨΔɽεϐϯيಓ݁߹ɾεϐϯيಓ૬ޓ࡞
༻ʹ͍ͭͯৄ͘͠ษڧ͍ͨ͠৔߹͸ɼݻମ෺ཧֶͷ࿈ࡌهࣄ “εϐϯيಓ૬ޓ࡞༻ͱ݁থதͷిࢠঢ়ଶ” [60–62]
Λࢀߟʹ͢Δͱྑ͍ɽ
19ϏεϚεͷεϐϯيಓ݁߹͸ 1.8eVɼάϥϑΝΠτ͸ 0.005eVͰ͋Δ [65]ɽ
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ؒ൓సରশੑͱۭؒ൓సରশੑɼ݁থରশੑʢճసରশੑͳͲʣΛ࣋ͭϒϦϧΞϯκʔϯ
্ͷ఺ʹɼ༗ޮ࣭ྔθϩͷσΟϥοΫిࢠ͕҆ఆͳঢ়ଶͰଘࡏͰ͖Δ͜ͱ͕໌Β͔ͱͳͬ
ͨ [2, 67–69]ɽ·ͨɼ࣌ؒ൓సରশੑͱۭؒ൓సରশੑͷͲͪΒ͔͕ഁΕΔͱɼ༗ޮ࣭ྔ
θϩͷσΟϥοΫిࢠ͸ϫΠϧిࢠʹͳΔʢਤ 2.12(ӈ)ʣɽ
ຊݚڀͰ͸ɼྔࢠۃݶʹ͓͚ΔϏεϚεͷ࣓ؾ఍߅Λ໌Β͔ʹ͢Δͱ͍͏఺͔ΒɼϏε
Ϛεͷ༗ޮ໛ܕͰ͋ΔWolﬀ໛ܕΛ༻͍ͯɼσΟϥοΫిࢠͷ࣓ؾ఍߅Λٞ࿦͢ΔɽWolﬀ
໛ܕ͸ਤ 2.12(ࠨ)Ͱࣔ͢ɼ࣭ྔΛ࣋ͬͨσΟϥοΫిࢠͷ༗ޮ໛ܕͰ͋Δɽ࣍અͰ͸Wolﬀ
໛ܕʹ͍ͭͯɼ؆୯ʹ঺հ͢Δɽ
2.3.2 Wolﬀ໛ܕ
ϏεϚε͸εϐϯيಓ݁߹͕େ͖͍͜ͱ͔ΒɼCohen–Blount͸ϏεϚεͷ L఺ిࢠʹ
ର͢Δεϐϯيಓ݁߹Λߟྀͨ̎͠όϯυ໛ܕΛߏஙͨ͠ [70]ɽͦͷޙɼWolﬀ͕Cohen–
Blountͷ໛ܕͷϋϛϧτχΞϯΛDiracͷཧ࿦ख๏ [50]Λ༻͍ͯදݱ͠ɼCohen–Blount
ͷ̎όϯυ໛ܕ͕ຊ࣭తʹσΟϥοΫిࢠͱ౳ՁͰ͋Δ͜ͱΛࣔͨ͠ [51]ɽ
Cohen–Blountͷ໛ܕ͸Ұཻࢠͷ݁থϋϛϧτχΞϯ
H =
p2
2m
+ V +
1
8m2
∇2V + !
4m2
[p · σ ×∇V ] (2.98)
ʹରͯ͠ɼk ·pཧ࿦Λ༻͍Δ͜ͱͰಋग़͢Δ͜ͱ͕Ͱ͖ΔʢV ͸݁থϙςϯγϟϧɼσ͸ύ
΢ϦͷεϐϯߦྻΛද͢ʣ[51,52,70]ɽࣜ (2.98)ͷݻ༗ؔ਺͸ϒϩοϗ೾ಈؔ਺ φnk(r) =
unkeik·r ͷઢܕ݁߹Ͱද͞ΕΔɽunk͸೚ҙͷ೾਺ʹରͯ͠׬શܥΛͳ͢εϐϯʹґଘ͢
Δपظؔ਺Ͱ͋Δɽࠓɼόϯυͷۃ஋ΛͱΔ೾਺ k0ʹରͯ͠ɼ࣍ͷؔ਺Λߟ͑Δ
χnk(r) = unk0e
ik·r. (2.99)
ͨͩ͠ɼk͸೾਺ k0Λج४ʹͨ͠೾਺Ͱ͋Δɽχnk(r)΋׬શܥΛͳ͢͜ͱ͔Βɼ
⟨χn′k′ |χnk⟩ = δ(k − k′)δn′n (2.100)
ΛͱΔɽपظؔ਺ unk(r)͸ unk0(r)Λ༻͍ͯɼ
unk =
∑
n′
bnn′(k)un′k0(r) (2.101)
ͱදݱͰ͖Δɽࣜ (2.98)ͷݻ༗ؔ਺Ψ(r)͸ɼ
Ψ(r) =
∑
n
∫
dkψn(k)χnk (2.102)
ͱද͞ΕΔɽͨͩ͠ɼ্ࣜ͸∑
n′
∫
dk′ ⟨χnk|H |χn′k′⟩ψn′(k′) = εψn(k) (2.103)
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Λຬͨ͢ɽࣜ (2.98)ɼʢ2.99ʣɼʢ2.100ʣ͔ΒɼϋϛϧτχΞϯͷߦྻ੒෼ ⟨χnk|H |χn′k′⟩͸
⟨χnk|H |χn′k′⟩ =
∫
dru∗nk0(r)
(
εn′k0 +
1
m
!k′ · p+ !
2k′2
2m
)
un′k0(r)e
ik′−k
= δ(k − k′)
[
δnn′
(
εnk0 +
!2k2
2m
)
+
1
m
!k · pnn′
]
(2.104)
pnn′ =
(2π)3
Ω
∫
cell
dru∗nk0(r)
[
p+
!
4m2
· σ ×∇V
]
unk0(r) (2.105)
ͱͳΔɽΩ͸୯Ґ๔ͷମੵͰ͋Δɽࣜ (2.104)ΑΓɼࣜ (2.103)͸
∑
n′
[
δnn′
(
εnk0 +
!2k2
2m
)
+
1
m
!k · pnn′
]
ψn′(k) = εψn(k) (2.106)
ͱͳΔɽύϦςΟͷରশੑͱ k0͕όϯυͷۃ஋ΛͱΔ೾਺Ͱ͋Δ͜ͱ͔Βɼ଎౓ԋࢉࢠ
vnn(= pnn/m = 0)͸ɼvnn = 0Λຬͨ͢ɽ
Cohen–Blount͸ࣜ (2.106)ΛϏεϚεͷ L఺ͷిࢠʹରͯ͠༻͍ͨɽL఺ͷόϯυ୺
ۙ๣ʹ͓͍ͯɼ!
2k2
2m ͕े෼খ͍͞ͱԾఆ͠ɼ఻ಋόϯυͱՁిࢠόϯυʹ͍ͭͯεϐϯΛ
ߟྀͨ͠جఈ ψ1,ψ2,ψ3,ψ4Λ༻͍Δͱ20ɼࣜ (2.106)͸ɽ⎛⎜⎜⎜⎝
∆ 0 !k · t !k · u
0 ∆ −!k · u∗ !k · t∗
!k · t∗ −!k · u −∆ 0
!k · u∗ !k · t 0 −∆
⎞⎟⎟⎟⎠
⎛⎜⎜⎜⎝
ψ1
ψ2
ψ3
ψ4
⎞⎟⎟⎟⎠ = ε
⎛⎜⎜⎜⎝
ψ1
ψ2
ψ3
ψ4
⎞⎟⎟⎟⎠ (2.107)
ͱͳΔɽͨͩ͠ɼε1k0 = ε1k0 = ∆ɼε3k0 = ε4k0 = −∆ͱ͠ʢ2∆͸όϯυΪϟοϓΛද
͢ʣɼv12,21 = v34,43 = 0Λ༻͍ͨ21ɽ·ͨɼt,u͸࣍ࣜͰද͞ΕΔ଎౓ͷߦྻදࣔͰ͋Δ22
t = ⟨1|v |3⟩ = ⟨4|v |2⟩ (2.108)
u = ⟨1|v |4⟩ = −⟨3|v |2⟩ . (2.109)
ࣜ (2.107)͸εϐϯيಓ݁߹͕ͳ͍৔߹΋ؚΉ͕23ɼҎ߱͸εϐϯيಓ݁߹͕େ͖͍৔߹
ʢ|u| ≃ |t|ʣͷΈΛߟ͑Δɽ
̎όϯυϞσϧΛࢦఆ͢Δʹ͸̐ͭͷϕΫτϧRe(t), Im(t),Re(u), Im(u)͕ඞཁͰ͋Δɽ
ͨͩ͠ɼద౰ʹجఈΛબͿ͜ͱͰϕΫτϧͷ਺ΛݮΒ͢͜ͱ͕Ͱ͖ΔɽWolﬀ͸Re(t) = 0
20ψ1,ψ2 ͕఻ಋόϯυͷجఈʢψcʣɼψ3,ψ4 ͕ՁిࢠόϯυͷجఈʢψvʣΛද͢ɽ֤όϯυͷجఈͷεϐ
ϯ͸ޓ͍ʹҟͳΔʢψ1 = ψc+,ψ2 = ψ
c
−,ψ3 = ψ
v
+,ψ4 = ψ
v
−ʣɽ
21࣌ؒ൓సԋࢉࢠK ͱۭؒ൓సԋࢉࢠ J Ͱ࡞ΒΕΔԋࢉࢠ C = JK ʹ͍ͭͯɼA C = CA C−1 = A † Λ
ຬͨ͢Α͏ͳԋࢉࢠ A Ͱ͸ɼ⟨ψnk−|A |ψnk+⟩ = 0ͱͳΔ [65]ɽ
22ԋࢉࢠC͸Cψnk+ = ψnk−ɼ⟨ψ|φ⟩ = ⟨Cφ|Cψ⟩ , C2ψ = −ψΛ༻͍Δͱɼt = ⟨ψc+|v |ψv+⟩ = ⟨ψv−|v |ψc−⟩
ΛಘΔ͜ͱ͕Ͱ͖Δɽ
23Re(t) ̸= 0ɼIm(t)=0,u = 0ͷͱ͖ͷΈɼεϐϯيಓ݁߹͕ͳ͍ɽ
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ͱͳΔΑ͏ʹجఈΛબͼɽࣜ (2.107)Λ
H = ∆γ4 + i!k ·
[
3∑
i=1
W (i)γ4γi
]
(2.110)
W (1) = Im(u) (2.111)
W (2) = Re(u) (2.112)
W (3) = Im(t) (2.113)
ͱදͨ͠ [51, 52]ɽγi͸࣍ࣜͰද͞ΕΔ 4×4ͷσΟϥοΫߦྻͰ͋Δ
γi=1,2,3 =
(
0 σi
σi 0
)
(2.114)
γ4 =
(
I 0
0 −I
)
. (2.115)
σi͸ύ΢ϦͷεϐϯߦྻΛද͢ɽ
͜͜Ͱɼ౳ํతͳ଎౓
W (1) = (v0, 0, 0) (2.116)
W (2) = (0, v0, 0) (2.117)
W (3) = (0, 0, v0) (2.118)
ͱεϐϯߦྻ σΛ༻͍ͯɼࣜ (2.110)Λߦྻදࣔ͢Δͱ͕࣍ࣜಘΒΕΔ
Hiso =
(
∆ iv0!k · σ
−iv0!k · σ −∆
)
. (2.119)
্ࣜ͸σΟϥοΫϋϛϧτχΞϯ [50]ɼ
HDirac =
(
mc2 cp · σ
cp · σ −mc2
)
(2.120)
ͱຊ࣭తʹ౳ՁͰ͋Δɽ
Ӭ೥ํఔࣜ |H − ε| = 0Λղ͘ͱɼࣜ (2.110)ͷΤωϧΪʔόϯυ
ε = ±
√
∆2 +∆!2k · αˆ · k (2.121)
ΛಘΔ͜ͱ͕Ͱ͖Δɽαˆ͸ٯ༗ޮ࣭ྔςϯιϧ (αˆ = (mˆ∗)−1)Λද͠ɼW (i)Λ༻͍ͯ࣍ࣜ
Ͱද͞ΕΔɽ
αµν =
1
∆
[∑
i
Wµ(i)Wν(i)
]
(2.122)
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ࣜ (2.121)͔ΒΘ͔ΔΑ͏ʹσΟϥοΫిࢠͷόϯυ͸ઢܗ෼ࢄͰ͋Δ (ε ∝ k1)ɽ
ࣜ (2.121)͸όϯυ୺ۙ๣ (k ∼ 0)ʹ͓͍ͯ∆2 ≫ ∆!2k · αˆ · kΑΓɼ
ε ≃ ∆+ !
2
2
k · αˆ · k. (2.123)
ͱۙࣅͰ͖Δʢඇ૬ର࿦ۙࣅʣɽޙͰɼσΟϥοΫిࢠʹର͢ΔϘϧπϚϯํఔࣜʹैͬ
࣓ͨؾ఍߅Λ࠶ಋग़͢Δʹ͋ͨΓɼࣜ (2.121)͕ॏཁͳࣜͱͳΔɽ
্ड़ͷΑ͏ʹWolﬀ໛ܕʹ͍ͭͯઆ໌͖͕ͯͨ͠ɼWolﬀ໛ܕʢࣜ (2.110)ʣͱͦͷݻ༗
஋ʢࣜ (2.121)ʣͷಋग़Ͱ͸ɼεϐϯيಓ݁߹͕େ͖͍ʢ|u| ≃ |t|ʣͱ͍͏ԾఆΛআ͖ɼҰ
ൠੑΛอͬͨ··ཧ࿦Λల։͍ͯ͠Δɽ͜ͷ͜ͱ͔ΒɼWolﬀ໛ܕ͸ҎԼͷ 1.-4.Λຬͨ͢
ܥͰ͋Ε͹దԠՄೳͳɼ໛ܕͱݴ͑Δɽ
1. ࣌ؒ൓సରশੑͱύϦςΟରশੑΛ࣋ͭɽ
2. ఻ಋόϯυͱՁిࢠόϯυ͕ɼଞͷόϯυ͔Βݽཱ͍ͯ͠Δɽ
3. όϯυΪϟοϓ͕े෼খ͍͞24ɽ
4. εϐϯيಓ݁߹͕ڧ͍25ɽ
2.3.3 ࣓৔தWolﬀ໛ܕ
࣓৔தͰ͸ɼӡಈྔԋࢉࢠ piΛ πi = pi − eAiͱஔ͖׵͑Δ͜ͱʹΑͬͯϋϛϧτχΞ
ϯΛಘΔ͜ͱ͕Ͱ͖Δɽ࣓৔தWolﬀ໛ܕͷϋϛϧτχΞϯ͸࣍ࣜͰද͞ΕΔ [51, 52]ɽ
H = ∆γ4 + iπ ·
[
3∑
i=1
W (i)γ4γi
]
=
(
∆ iπ ·L
−iπ ·L −∆
)
(2.124)
L =
3∑
i=1
W (i)σi (2.125)
24όϯυΪϟοϓ͕े෼খ͍͔͞Ͳ͏͔͸ɼ෺࣭ຖʹҟͳΔɽྫ͑͹ɼϏεϚεͷόϯυΪϟοϓ͸ 15.3meV
ʹରͯ͠ɼԖςϧϧ PbTeͷόϯυΪϟοϓ͸ 190meVͱϏεϚεͷेഒͷେ͖͕ͩ͞ɼϏεϚεͱԖςϧ
ϧ͸྆ํͱ΋Wolﬀ໛ܕͰهड़͢Δ͜ͱ͕Ͱ͖Δ [63, 64]ɽ
25࠷ۙͷݚڀͰɼεϐϯيಓ݁߹ͷڧ͞ΛఆྔతͳධՁ͢ΔͷʹɼθʔϚϯαΠΫϩτϩϯΤωϧΪʔൺ
MZC = Ez/!ωc ΛධՁ͢Δ͜ͱ͕ఏҊ͞Εͨ [63,71]ɽMZC ͕େ͖͍΄Ͳɼεϐϯيಓ݁߹ڧ͍ͱɽθϩ࣓
৔ʹ͓͍ͯϏεϚεͷిࢠʢL఺ʣͱԖςϧϧͷMZC ͸ɼMZC(Bi) = 0.9 − 1.0 [71], MZC(PbTe) = 0.8
Ͱ͋Δɽ
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͜ͷϋϛϧτχΞϯͷݻ༗஋ํఔࣜ (H ψ = εψ)͸ɼ࣍ࣜͷΑ͏ʹมܗ͢Δͱ༰қʹղΛ
ٻΊΔ͜ͱ͕Ͱ͖Δɼ
H 2ψ =
(
∆2 + (π ·L)2 0
0 ∆2 + (π ·L)2
)
ψ = ε2ψ (2.126)
(π ·L)2Λมܗ͢Δͱ
(π ·L)2 =
∑
i,j
{(πiLi)(πjLj)}
=
1
2
∑
i,j
{πi(LiLj + LjLi)πj + LiLj [πi,πj ]}
= 2∆
π · αˆ · π
2
− 2∆
(
!eΩ
2∆
∑
k
∑
i
σiQk(i)Bk
)
(2.127)
Q(i) =
[W (j)×W (k)]
Ω
(i, j, k : cyclic) (2.128)
ͱදݱͰ͖Δɽͨͩ͠ɼΩ = [W (1)×W (2)] ·W (3)Ͱ͋Δɽࣜ (2.127)Λࣜ (2.126)ʹ୅
ೖ͢Δͱɼ͕࣍ࣜಘΒΕΔ
H 2ψ =
(
∆2 + 2∆H∗ 0
0 ∆2 + 2∆H∗
)
ψ = ε2ψ (2.129)
H∗ = π · αˆ · π
2
+ µ∗ ·B (2.130)
µ∗ =
!eΩ
2∆
∑
µ
σµQ(µ). (2.131)
ࣜ (2.130)͸Ұൠతͳ࣓৔தిࢠͷϋϛϧτχΞϯͱ౳͍͠ɽୈ 1߲͸ϥϯμ΢४ҐΛ
ද͓ͯ͠Γɼҟํతͳ৔߹ͷࣜ (2.88)ͱ౳͍͠ɽୈ 2߲͸θʔϚϯ߲Λද͓ͯ͠Γɼத਎
Λৄ͘͠ݟͯΈΔͱɼ͕࣍ࣜಘΒΕΔ
(µ∗ ·B)2 =
(
!eΩ
2∆
)2
B · Aˆ ·B (2.132)
Aij =
∑
µ
Qi(µ)Qj(µ) =
∆2
Ω2
mij
|mˆ| . (2.133)
·ͨɼαΠΫϩτϩϯ༗ޮ࣭ྔmc͸ɼ࣓৔ͷ୯ҐϕΫτϧ bͱɼ༗ޮ࣭ྔςϯιϧ mˆΛ
༻͍ͯ
m2c =
|mˆ|
b · mˆ · b (2.134)
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ਤ 2.13: ౳ํతͳ࣓৔தσΟϥοΫ໛ܕͷΤωϧΪʔ෼ࢄɽԣ࣠K ′͸ແ࣍ݩԽ͞Εͨ೾
਺K ′ =
√
!2k2||/m||∆Ͱ͋Δɽ
ͱද͢͜ͱ͕Ͱ͖Δ͔Β [72]ɼ
µ∗ ·B = ±!eB
2
√
m||
|mˆ| = ±
1
2
!ωc (2.135)
m|| = b · mˆ · b (2.136)
ΑΓɼ
εl,± =
√√√√∆2 + 2∆[(n+ 1
2
± 1
2
)
!ωc +
!2k2||
2m||
]
. (2.137)
͕ಘΒΕΔʢਤ 2.13ʣɽࣗ༝ిࢠͷ৔߹ʢࣜ (2.96)ʣͱ͸ҟͳΓɼ্͔ࣜΒೋͭͷϥϯμ
΢४Ґ εl,+, εl+1,−͸ॖୀ͠ʢεl,+ = εl+1,−ʣɼεϐϯ෼྾͕ͳ͍͜ͱ͕Θ͔Δɽ࠷௿ϥϯ
μ΢४Ґ ε0−͸
ε0− =
√
∆2 +∆!2k2||/m|| (2.138)
Ͱ͋Δɽࣜ (2.138)ΑΓɼWolﬀ໛ܕͷ࠷௿ϥϯμ΢४Ґ͸࣓৔ʹґଘ͠ͳ͍͜ͱ͕Θ͔
Δɽ·ͨɼ ਤ 2.13͔ΒΘ͔ΔΑ͏ʹɼϥϯμ΢ྔࢠ਺͕େ͖͘ͳΔ΄Ͳόϯυ୺ʹ͓͚
Δϥϯμ΢४Ґؒͷ෯ͷ෯͸খ͘͞ͳΔɽ͜ΕΒͷੑ࣭͸ɼࣗ༝ిࢠͱ͸େ͖͘ҟͳΔ఺
Ͱ͋Δɽ
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ݻ༗ؔ਺Λ ψ = (φu,φl)Tͱ͓͘ͱɼࣜ (2.124)͔Βݻ༗஋ํఔࣜH ψ = εψ͸ [14,51]
∆φu + i(π ·L)φl = εφu (2.139)
−i(π ·L)φu −∆φl = εφl (2.140)
্ࣜΑΓɼ
φl =
−i(π ·L)φu
ε+∆
(2.141)
͕ಘΒΕΔɽن֨Խ৚݅ (|ψ|2 = 1)͔Βݻ༗ؔ਺ ψ͸
ψ =
√
ε+∆
2ε
⎛⎝ φu−i(π ·L)φu
ε+∆
⎞⎠ (2.142)
ͱͳΔɽࣜ (2.142)͸ࣜ (2.129)Λࣗಈతʹຬͨ͢ɽφu͸೚ҙੑ͕͋Δ͕ɼWolﬀ͸࣓৔
தࣗ༝ిࢠͷݻ༗ؔ਺ʢࣜ (2.85)ʣͷΑ͏ͳฏ໘೾ͱΤϧϛʔτଟ߲ࣜͷੵͰද͞ΕΔݻ
༗ؔ਺Λ༻͍ͨ26ɽ
2.3.4 V଒൒ۚଐ
ϏεϚεʢBiʣɼΞϯνϞϯʢSbʣɼώૉʢAsʣɼάϥϑΝΠτʢCʣͳͲͷ୯݁থͷଞɼ
GeTe΍ Cd3As2ɼWTeͳͲ߹ۚͷ൒ۚଐ͕ଘࡏ͢Δɽ͜͜Ͱ͸ɼV଒൒ۚଐʢBiɼSbɼ
Asʣʹ͍ͭͯ঺հ͢Δɽͳ͓ɼ͜͜Ͱݴ͏ “൒ۚଐ”ͱ͸ɼ“ిࢠͱਖ਼޸ͷΩϟϦΞΛ࣋ͪɼ
ిࢠͱਖ਼޸ͷ਺͕౳͍݁͠থ”ͱఆٛ͞ΕΔʢਤ 2.14ʣɽ
݁থߏ଄
V଒൒ۚଐʢBiɼSbɼAsʣ͸ඛ໘ମߏ଄Λ͍ͯ͠Δʢਤ 2.15ʣɽਤ 2.15(ࠨ)͸ɼ୯Ґ
๔ʢprimitive cellʣͱରশ͕࣠ࣔ͞Ε͓ͯΓɼ෺ੑΛߟ͑Δ্Ͱ࣮༻తͳਤͰ͋ΔɽҰݟ
͢Δͱɼͱͯ΋ෳࡶͳߏ଄Λ͍ͯ͠Δ͕ɼ࣮ࡍ͸ਤ 2.15(ӈ)ͷΑ͏ʹNaClܕͷ݁থ͕࿪
Μͩ݁থߏ଄Λ͍ͯ͠Δɽਤ 2.15(ӈ)ͷ݁থ͸ɼ੺ʢatom 1ʣͱ੨ʢatom 2ʣͷ֨ࢠ఺
Ͱ࡞ΒΕΔཱํথΛ࣍ͷΑ͏ʹมܗͤͨ͞ߏ଄Ͱ͋Δ [74, 75]ɽ
1. ੨ͷ֨ࢠ఺ʹର͢Δ੺ͷ֨ࢠ఺ͷ૬ରҐஔΛ ⟨111⟩ํ޲΁Θ͔ͣʹฏߦҠಈͤ͞ɼ
2. ݁থશମΛ ⟨111⟩ํ޲ʹҾ͖৳͹ͨ͠ɽ
26Wolﬀ໛ܕ͸̏࣍ݩܥͷσΟϥοΫిࢠͰ͋Γɼࣜ (2.85)͸̎࣍ݩܥͷ࣓৔தࣗ༝ిࢠͷݻ༗ؔ਺Ͱ͋
Δ͜ͱ͔Βɼ׬શʹҰରҰରԠ͢ΔΘ͚Ͱ͸ͳ͍ɽ
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ਤ 2.14: ൒ۚଐͷόϯυߏ଄ɿిࢠͱਖ਼޸ͷΩϟϦΞ਺͸౳͘͠ɼిࢠϑΣϧϛ໘ͱਖ਼޸
ϑΣϧϛ໘ͷମੵ͸ಉ͡ɽ
ਤ 2.15: V଒୯݁থͷ݁থߏ଄ ɿʢࠨʣ࿡ํথʴඛ໘ମʢӈʣཱٖํথʴඛ໘ମ [73]
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ਤ 2.16: ඛ໘ମߏ଄ͷϒϦϧΞϯκʔϯ
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ਤ 2.17: ϏεϚεͷϑΣϧϛ໘ [13]ɿʢ੨ʣిࢠʢ੺ʣਖ਼޸ɽࡾͭ͋ΔిࢠϑΣϧϛ໘͸
Trigonal࣠ʹରͯ͠ 120◦ճసͤ͞Δͱޓ͍ʹॏͳΔɽ
V଒൒ۚଐͷϒϦϧΞϯκʔϯ͸ਤ 2.16Ͱࣔ͞ΕΔܗΛ͓ͯ͠ΓɼϏεϚε͸ L఺ʹ
ిࢠʢe1, e2, e3ʣɼT఺ʹਖ਼޸ʢhʣ͕ଘࡏ͢Δʢਤ 2.17ʣɽe1ͷϑΣϧϛ໘Λ Trigonal
࣠ʹରͯ͠±2π/3ճసͤ͞Δͱɼe2ͱ e3ͷϑΣϧϛ໘ͱҰக͢ΔɽిࢠͷΩϟϦΞີ౓
ͷ߹ܭͱਖ਼޸ͷΩϟϦΞີ౓͸౳͘͠ɼిՙతʹதੑͰ͋Δɽ
ిࢠߏ଄
1958೥ʹεϐϯيಓ૬ޓ࡞༻ͷޮՌΛؚΜͩV଒൒ۚଐͷڧଋറۙࣅ໛ܕ͕ॳΊͯใࠂ
͞Εͨ [77,78]ɽ1960೥୅Ҏ߱͸APW๏΍ٙϙςϯγϟϧ๏ͳͲΛ༻͍ͨୈҰݪཧܭࢉ
͕੝Μʹݚڀ͞Ε [79–84]ɼV଒൒ۚଐͷిࢠߏ଄ͷݚڀ͸େ͖͘ൃలͨ͠ɽͦͷޙɼ1993
೥ʹXuΒ͕ڧଋറۙࣅ໛ܕΛ৽ͨʹఏҊͨ͠ [85]ɽ͜ͷڧଋറۙࣅ໛ܕ͸ɼୈҰݪཧܭ
ࢉ [80]ͱҰக͢ΔΑ͏ʹߏங͞Ε͓ͯΓɼϑΣϧϛ໘ۙ๣ͷόϯυΪϟοϓ͕Ұக͠ͳ͍
ͳͲͷ໰୊͕͋ͬͨɽLiu–Allen͸͜ͷ໰୊ʹରͯ͠ɼXuΒͷ໛ܕΛ΋ͱʹ࣮ݧ݁Ռʹ߹
͏Α͏ʹύϥϝʔλΛมߋͨ͠ [76]ɽ͜ΕʹΑΓɼ࣮ݧͱΑ͘Ұக͢Δ໛ܕ͕ಘΒΕͨɽ
Liu–Allen໛ܕΛ΋ͱʹϏεϚεͷബບͷϋϛϧτχΞϯ͕ߏங͞ΕΔͳͲɼ[73, 86–88]ɼ
ϏεϚεͷిࢠঢ়ଶΛද͢໛ܕͱͯ͠ Liu-Allen໛ܕ͸ඇৗʹ৴པͰ͖Δ໛ܕͱݴ͑Δ
ʢਤ 2.18ʣɽ
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ਤ 2.18: Liu–Allen໛ܕʹجͮ͘ɼϏεϚεͱΞϯνϞϯͷόϯυߏ଄ɽʢࠨʣόϯυશମ
ʢӈʣϑΣϧϛ४Ґۙ๣ʢ্ஈʣϏεϚεʢԼஈʣΞϯνϞϯ [76]
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ද 2.1: ϏεϚεΛଌఆͯ͠ॳΊͯൃݟ͞Εͨ෺ཧݱ৅
೥ ݱ৅໊ ൃݟऀ
1778 ൓࣓ੑ Brugmans
1886 ωϧϯετޮՌ EttingshausenɼNernst [89]
1928 ڊେ࣓ؾ఍߅ Kapitza [90]
1930 γϡϒχίϑ-υɾϋʔεޮՌ Shubnikovɼde Haas [38]
1930 υɾϋʔε-ϑΝϯɾΞϧϑΣϯޮՌ de Haasɼvan Alphen [39]
1955 ۚଐʹ͓͚ΔαΠΫϩτϩϯڞ໐ Galt [91]
1963 ࣓ؾͻͣΈͷৼಈ GreenɼChandrase [92]
...
2011 ࣓৔༠ىʹΑΔରশੑͷഁΕ Zhu et. al. [9, 93]
ϏεϚε
ϏεϚεͷ୯ମ͸ۜന৭ͷޫ୔Λ͓ͯ͠Γɼಉ༷ͷ৭Λ͍ͯ͠ΔεζɼԖɼΞϯνϞϯ
ͱ۠ผ͕͔ͭͳ͔ͬͨɽϏεϚεͱԖͳͲͷ୯݁থ͕ҟͳΔ෺ੑࣔ͢͜ͱΛϑϥϯεͷༀ
ֶऀ Geoﬀroyʢ1753೥ʣ͕ใࠂͨ͜͠ͱͰɼ୯ମͷۚଐͱͯ͠ͷϏεϚε͕஌ΒΕΔΑ
͏ʹͳͬͨ [75]ɽ
ϏεϚε͸ओʹԽ߹෺ͱͯࣗ͠વքʹଘࡏ͠ɼۜɾԖɾಔɾѥԖɾλϯάεςϯͳͲͷ୯
ମΛ࿉੒͢Δͱ͖ͷ෭࢈෺ͱͯ͠ࢉग़͞ΕΔɽϏεϚεͷ༥఺͸ 271.30◦Cͱ௿͘ɼແԖ
ϋϯμͳͲͷ௿༥఺߹ۚͷࡐྉͷଞɽϏεϚεԽ߹෺Ͱ͋Δ࣍঳ࢎϏεϚε͸ༀͷݪྉͱ
ͯ͠΋࢖༻͞Ε͍ͯΔɽࠓޙ͸φϊϫΠϠʔ΍ϏεϚε–ςϧϧ߹ۚΛ࢖༻ͨ͠ϖϧςΟ
Τྫྷ٫ૉࢠ΍ମԹൃిૉࢠͳͲͷԠ༻͕ظ଴͞Ε͍ͯΔɽ
ϏεϚεͱݻମ෺ཧݚڀͱͷؔΘΓ
ݻମ෺ཧֶʹ͓͍ͯॏཁͳ͍ͭ͘΋ͷݱ৅͕ɼϏεϚεͰॳΊͯ؍ଌ͞Εͨʢද 2.1ʣɽ
͜Ε͸ɼϏεϚε͕σΟϥοΫిࢠΛ࣋ͭ͜ͱʹ༝དྷ͢Δ [75]ɽ21ੈلʹೖͬͨݱࡏ΋Ϗ
εϚεͰ৽ͨͳݱ৅͕ใࠂ͞Ε͍ͯΔ [9]ɽ
ΞϯνϞϯ
ΞϯνϞϯͷ୯ମ͸ϏεϚεͱಉ༷ɼۜന৭ͷޫ୔Λ͓ͯ͠Γɼಉ༷ͷ৭Λ͍ͯ͠ΔԖ
ͱࠞಉ͞Ε͍ͯͨɽͨͩ͠ɼ୯ମͷΞϯνϞϯ͕ೝࣝ͞Εͨͷ͸ϏεϚεΑΓ΋ૣ͍ɽ1615
೥ʹυΠπͷԽֶऀ Libavius͕ΞϯνϞϯͷ୯ମͷੜ੒๏Λཱ֬͞Ε͓ͯΓɽ1701೥ʹ
εϖΠϯͷ෺ཧֶऀ Zapata͕ “Crisis me´dica sobre el antimonioʢΞϯνϞϯΛΊ͙Δҩ
ྍةػʣ”ͱ͍͏ຊΛग़൛͍ͯͨ͜͠ͱ͔Β΋ɼ17ੈلʹ͸୯ମͷΞϯνϞϯ͕஌ΒΕͯ
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ਤ 2.19: ڧଋറۙࣅ໛ܕʹΑΔΞϯνϞϯͷϑΣϧϛ໘ [76]ʢ্ʣిࢠϑΣϧϛ໘ʢԼʣ
ਖ਼޸ϑΣϧϛ໘ɽ
͍ͨ͜ͱ͕͏͔͕͑Δɽ೔ຊͰ͸ɼ࠷ݹͷಔમͰ͋Δ෋ຊમʹΞϯνϞϯ͕ఴՃ͞Ε͍ͯ
Δɽݱࡏɼ޻ۀతͳΞϯνϞϯͷ׆༻ͱͯ͠͸ɼԖ஝ి஑ͷిۃࡐྉ΍ɼ൒ಋମͷఴՃ෺
ͳͲ͕ओͳ༻్Ͱ͋Δɽ
ϏεϚεͱಉ༷ɼΞϯνϞϯ͸ݹ͔͘Βݚڀ͞Ε͍ͯΔ෺࣭Ͱ͋Γɼυɾϋʔε–ϑΝ
ϯɾΞϧϑΣϯޮՌʢdHvAʣ΍࣓ؾ఍߅ޮՌ (MR)ɼൺ೤ͷଌఆͳͲ༷ʑͳํ๏Ͱݚڀ͞
Ε͖ͯͨ [22, 94–100]ɽ࣮ݧσʔλͷղੳΛߦ͏ࡍɼΞϯνϞϯͷϑΣϧϛ໘͸ਤ 1.2ͷ
Α͏ͳ໛ܕΛԾఆ͞Ε͍ͯΔɽҰํͰɼୈҰݪཧܭࢉ΍ڧଋറۙࣅ໛ܕͰ͸ɼ[76,80,101]
Ͱ͸࿪Μͩପԁମʢਤ 2.19ʣΛ͓ࣔࠦͯ͠ΓɼΞϯνϞϯͷϑΣϧϛ໘ͷܗঢ়͸ະͩٞ࿦
͞Ε͍ͯΔɽ
ͦͷΑ͏ͳঢ়گͷதɼ2007 ೥ʹΞϯνϞϯ͕τϙϩδΧϧతʹඇࣗ໌Ͱ͋Δ͜ͱ͕
Fu–KaneʹΑͬͯࢦఠ͞Εͨ [102]ɽ·ͨɼ֯౓෼ղޫిࢠ෼ޫ๏ʢAngle-Resolved Pho-
toemission SpectroscopyʣʹΑΓΞϯνϞϯͷ (111)໘ͱ (110)໘ͷిࢠঢ়ଶ͕ܭࢉ͞Ε
ʢਤ 2.20ʣɼΞϯνϞϯͷిࢠঢ়ଶ͕࠶஫໨͞Ε͍ͯΔ [103,104]ɽ
2.4 ࣓ؾ఍߅
࣓৔தʹ෺࣭Λ͓͍ͨ࣌ʹɼిؾ఍߅͕มԽ͢Δݱ৅Λ࣓ؾ఍߅ޮՌͱݺͿɽ఍߅͕૿
Ճ͢Δ৔߹Λਖ਼ͷ࣓ؾ఍߅ޮՌͱݺͼɼඇ࣓ੑମͷԣ࣓ؾ఍߅Ͱଟ͘؍ଌ͞ΕΔɽਖ਼ͷ࣓
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ਤ 2.20: ֯౓෼ղޫిࢠ෼ޫ๏ʹΑΔΞϯνϞϯͷ (111)໘ [103]ʢ্ʣͱ (110)໘ [104]
ʢԼʣͷද໘ঢ়ଶɽ(111)໘ͷࣼઢ෦͸ Liu–AllenͷύϥϝʔλΛ༻͍ͨୈҰݪཧతܭࢉͷ
݁ՌͰ͋Γɼ࣮ݧͰ؍ଌ͞Ε͍ͯΔΓۙ๣ͷԁ؀ঢ়ͷεϖΫτϧ͕ଘࡏ͠ͳ͍ɽ(110)໘ͷ
ԫ৭͍෦෼͸ Liu–Allen໛ܕͷύϥϝʔλΛ༻͍ͯಘΒΕΔόϧΫͷϑΣϧϛ໘Λ (110)
໘ʹࣹӨͨ͠ਤͰ͋Δɽ
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ؾ఍߅͸ɼϑΣϧϛ໘ͷτϙϩδʔʹैͬͯ (1)ดͨ͡ϑΣϧϛ໘ɼ(2)։͍ͨϑΣϧϛ
໘ɼ(3)ిࢠͱਖ਼޸͕ଘࡏ͢ΔϑΣϧϛ໘ɼͷࡾͭʹ෼ྨ͞ΕΔɽຊݚڀͷର৅ͱ͍ͯ͠
Δ൒ۚଐ͸ɼిࢠϑΣϧϛ໘ͱਖ਼޸ϑΣϧϛ໘Λ࣋ͭ͜ͱ͔Βɼ(3)ͷ࣓ؾ఍߅ʹ͍ͭͯ
৮ΕΔ [13, 105,106]ɽ
2.4.1 ࣓ؾ఍߅ݚڀͷൃల
࣓ؾ఍߅ݚڀͷྺ࢙͸ඇৗʹ௕͘ɽ1857೥ʹWilliam Thomsonʢॳ୅έϧϏϯڢʣ͕࣓
৔தʹ͓͍ͯFeͱNiͷ఍߅͕มԽͨ͜͠ͱΛใࠂͨ͠ [107]ɽ͜ͷใࠂ͕ɼ࣓ؾ఍߅ͷൃ
ݟͱݴΘΕ͍ͯΔɽ1928೥ʹɽKapitza͸ 30ςεϥͷύϧε࣓৔Λిྲྀʹରͯ͠ਨ௚ʹҹ
Ճ͠ɼϏεϚεͷԣ࣓ؾ఍߅͕ඇৗʹେ͖͘ͳΔ͜ͱΛใࠂͨ͠ʢਤ 2.21(a)ʣɽKapitza
͸༷ʑͳඇ࣓ੑۚଐ (Be, Cu, Ag, Au, Zn, Mg, Al, Cd, Hg, In, Ga, Ta, άϥϑΝΠτ,
Ge, Pb, Sn, Tn, As, Sb, Bi, Mo, Cr, W, Te, Pt, Pd) ʹରͯ͠΋࣓ؾ఍߅ͷଌఆΛߦ͍
ʢਤ 2.21(b)ʣɼඇ࣓ੑۚଐͷ࣓ؾ఍߅͕ɼऑ࣓৔Ͱ࣓৔ͷ̎৐ʹൺྫ͠ʢρ ∝ B2ʣɼڧ࣓
৔Ͱ࣓৔ͷ̍৐ʹൺྫ͢Δੑ࣭Λൃݟͨ͠ʢKapitzaଇʣɽ͜ͷͱ͖ɼӷମ஠ૉԹ౓Լ̏
̌ςεϥͰଌఆ͞Ε࣓ͨؾ఍߅ͷ૿Ճ͸ɼϏεϚε͕ 1360ഒɼΞϯνϞϯ͸ 40ഒͰ͋Δɽ
͜Εʹରͯۚ͠ɼۜɼಔ͕ͦΕͧΕɼ0.28ɼ0.38ɼ0.47ഒͱඇৗʹখ͍͞ɽ൒ۚଐͷ࣓ؾ
఍߅͕ଞͷඇ࣓ੑۚଐʹൺ΂ͯඇৗʹେ͖͍͜ͱ͕Θ͔Δɽ
Kapitza͕ઢܗ࣓ؾ఍߅Λใࠂͨ͠౰࣌ͷཧ࿦Ͱ͸ɼۚଐͷ࣓ؾ఍߅͸࣓৔ʹґଘͤͣɼ
൒ۚଐͷ࣓ؾ఍߅͸࣓৔ͷ̎৐Ͱ૿Ճ͢Δͱߟ͑ΒΕ͍ͯͨɽ͜ͷཧ࿦ͱ࣮ݧͷෆҰக͔
Βɼଟ͘ͷݚڀऀͷؔ৺ΛूΊɼ࣓ؾ఍߅ͷݚڀ͕੝ΜʹߦΘΕͨ [38,105,106,109–117]ɽ
ҎԼͰ͸ɼ࣓ؾ఍߅ʹؔ͢Δجຊతͳཧ࿦ͱɼຊݚڀͱؔ܎͢Δઌߦݚڀʹ͍ͭͯ঺հ
͢Δɽ
ࣗ༝ిࢠͷ࣓ؾ఍߅
ಋମʹରͯ͠ి৔Eɼ࣓৔BΛҹՃ͢ΔɽυΡϧʔσ໛ܕͰ͸ిࢠͷӡಈํఔ͕ࣜ࣍
ࣜͰද͞ΕΔ
mˆ · dv
dt
= −e(E + v ×B)− 1
τ
mˆ · v. (2.143)
mˆ͸ిࢠͷ༗ޮ࣭ྔςϯιϧɼτ ͸؇࿨࣌ؒΛද͢ɽఆৗঢ়ଶʹ͓͍ͯ dv/dt = 0ΑΓɼ
қಈ౓ µij = eτm∗i
δij ͱ͓͘ͱɼ଎౓ v͸࣍ࣜͰද͞ΕΔ
v = −µˆ[E + (v ×B)] (2.144)
͜͜Ͱɼ࣓৔ςϯιϧ Bˆ [13, 115]ɼ
Bˆ =
⎛⎜⎝ 0 −Bz ByBz 0 −Bx
−By Bx 0
⎞⎟⎠ . (2.145)
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ਤ 2.21: KapitzaʹΑΔ࣓ؾ఍߅ͷଌఆɿ(a)ϏεϚε Bi [90] (b)ಔ Cu [108]
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Λ༻͍Δͱɼv×B = −Bˆ · vͱஔ͖׵͑Δ͜ͱ͕Ͱ͖Δɽ͜ΕΛ༻͍ͯɼࣜ (2.144)Λ v
ʹ͍ͭͯղ͘ͱɼ
v = −
(
µˆ−1 − Bˆ
)−1 ·E (2.146)
͕ಘΒΕΔɽࣜ (2.146)Λిྲྀີ౓ࣜ j = −envʹ୅ೖ͢Δͱɼ
j = ne
(
µˆ−1 − Bˆ
)−1 ·E (2.147)
ͱͳΔɽj = σˆ ·E͔Βɼ࣓ؾ఻ಋ౓ σˆ(B)͸࣍ࣜͰද͞ΕΔ
σˆ(B) = ne
(
µˆ−1 − Bˆ
)−1
. (2.148)
B = (0, 0, B)ͱ͢Δͱɼࣜ (2.148)ͷ֤੒෼͸
σxx =
neµx
1 + µxµyB2
(2.149)
σyy =
neµy
1 + µxµyB2
(2.150)
σzz = neµz (2.151)
σyx =
neµxµyB
1 + µxµyB2
(2.152)
σxz = σyz = 0 (2.153)
Ͱ͋Δɽ࣓ؾ఍߅ ρˆ = σˆ−1ΑΓɼ
ρii =
1
neµi
(i = x, y, z) (2.154)
ρyx = −ρxy = − B
ne
(2.155)
ρzx = ρxz = 0 (2.156)
ͱͳΔɽ࢒Γͷ࣓ؾ఻ಋ౓ͱ࣓ؾ఍߅ͷ੒෼ʹ͍ͭͯ͸ɼΦϯαʔΨʔͷؔ܎ʢσij(B) =
σji(−B),ρij(B) = ρji(−B)ʣ͔ΒಘΔ͜ͱ͕ՄೳͰ͋Δɽࣜ (2.149)–(2.156)͸ɼϘϧπ
Ϛϯཧ࿦ʹैͬͯࣗ༝ిࢠͷ࣓ؾ఍߅Λܭࢉͨ͠৔߹ͱҰக͢Δɽ
Jones–Zenerͷۙࣅղ
ϘϧπϚϯํఔࣜΛղ͍࣓ͯؾ఻ಋ౓ΛٻΊΔ৔߹ɼପԁମ΍ٿମͷΑ͏ͳ୯७ͳ໛ܕ
ʹ௚͢৔߹͕ଟ͍ɽ͜ΕΒҎ֎ͷ໛ܕʹͳΔͱɼܭࢉ͕ඇৗʹࠔ೉ʹͳΔ͔ΒͰ͋Δɽ͜
ͷ໰୊ʹରͯ͠ɼ1934೥ʹ Jones–Zener͕࣓৔தͷϘϧπϚϯํఔࣜͷۙࣅղΛܭࢉ͠ɼ
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೚ҙͷ໛ܕʹ͍ͭͯ࢖༻Մೳͳ࣓ؾ఻ಋ౓Λಋग़ͨ͠ [109,110]ɽి৔Eͱ࣓৔BΛҹՃ
ͨ͠৔߹ͷϘϧπϚϯํఔࣜ͸ɼҎԼͰද͞ΕΔ
− e! (E + v ×B) ·∇kf = −
f − f0
τ
. (2.157)
ࣜ (2.14)–(2.17)ͱಉ༷ͷखॱͰܭࢉ͢Δͱɼ
−eE · vk + e! [vk ×B] ·∇kΦ−
1
τ
Φ = 0 (2.158)
͕ಘΒΕΔɽ্͕ࣜࣜ (2.157)ͷ୅ΘΓʹղ͘΂͖ํఔࣜͱͳΔɽ
࣍ͷΑ͏ͳԋࢉࢠΛ༻ҙ͢Δ
Ω =
1
! [vk ×B] ·∇k
=
1
!
∑
µνλ
ϵµνλvµBν
∂
∂kλ
(µ, ν,λ = x, y, z). (2.159)
ϵµνλ ͸ Levi-civitaγϯϘϧͰ͋Δɼ໰୊Λ؆୯ʹ͢ΔͨΊɼ؇࿨࣌ؒ τ ͸ఆ਺ͱ͢Δɽ
ࣜ (2.158)Λ ΩΛ͍࣋ͪͯɼҎԼͷΑ͏ʹॻ͖௚͢
1
τ
Φ+ eE · vk − eΩΦ = 0. (2.160)
͜ΕΛ Φʹ͍ͭͯղ͘ͱɼ
Φ = −eτ (1− eτΩ)−1E · vk (2.161)
ͱͳΔɽΩ͸࣓৔ΛؚΉԋࢉࢠͰ͋Γɼ|eτΩ|≪ 1ͱͯ͠ႈڃ਺ల։͢ΔͱɼϘϧπϚϯ
ํఔࣜͷۙࣅղ͕ಘΒΕΔɼ
Φ = −eτ
(
1 + eτΩ+ (eτΩ)2 · · ·
)
E · vk. (2.162)
ࣜ (2.162)Λ j = e4π3
∫
vkΦ
∂f0
∂ε dkʹ୅ೖ͢Δͱ
ji = σilEl + σilpElBp + σilpsElBpBs (2.163)
σil = − e
2τ
4π3
∫
∂f0
∂ε
vivldk (2.164)
σilp =
e3τ2
4π3!2
∫
∂f0
∂ε
vivm
∂2ε
∂kn∂kl
ϵpmndk (2.165)
σilps = − e
4τ3
4π3!3
∫
∂f0
∂ε
vivm
∂
∂kn
(
vt
∂2ε
∂ku∂kl
)
ϵsmnϵptudk (2.166)
͕ಘΒΕΔɽ্ࣜ͸Ωͷ̎࣍·Ͱల։ͨ͠৔߹ͷܭࢉͰ͋ΔɽB = (0, 0, B)ͷͱ͖ɼσilp
͕ϗʔϧ఻ಋ౓ɼσil,σilps͕఻ಋ౓ͷର֯੒෼ʹد༩͢ΔɽAbelesͱMeiboom͸ɼࣗ༝
ిࢠ໛ܕʹର্ͯ͠ड़ͷܭࢉΛߦ͍ɼϏεϚεͷ࣓ؾ఍߅ʹ͍ͭͯٞ࿦ͨ͠ [118]ɽ
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AubreyʹΑΔϏεϚε࣓ؾ఍߅ͷܭࢉ
ϏεϚε͸ࡾͭͷిࢠϑΣϧϛ໘Λ࣋ͪɼTrigonal࣠ʹରͯ͠ ±2π/3ճసͤ͞Δͱͦ
ΕͧΕॏͳΔʢਤ 2.17ʣɽ͜ͷϑΣϧϛ໘ͷಛ௃Λߟྀͯ͠ܭࢉͨ͠ͷ͕ AubreyͰ͋
Δ [119]ɽ
Aubrey͸ϏεϚεͷిࢠϑΣϧϛ໘͕ਤ 2.17ͷߏ଄Λ͍ͯ͠Δ͜ͱʹண໨͠ɼ֤ిࢠ
(e1, e2, e3)ͷқಈ౓ µˆe1,e2,e3,Λ࣍ࣜͰදͨ͠ɽ
µˆe1 =
⎛⎜⎝ µ1 0 00 µ2 µ4
0 µ4 µ3
⎞⎟⎠ (2.167)
µˆe2,e3 = Rˆ−1tri
(
∓2π
3
)
µˆe1Rˆtri
(
∓2π
3
)
=
⎛⎜⎝
1
4 (µ1 + 3µ2) ∓
√
3
4 (µ1 − µ2) ∓
√
3
2 µ4
∓
√
3
4 (µ1 − µ2) 14 (3µ1 + µ2) −12µ4
∓
√
3
2 µ4 −12µ4 µ3
⎞⎟⎠ (2.168)
Rˆtri(φ) =
⎛⎜⎝ cosφ − sinφ 0sinφ cosφ 0
0 0 1
⎞⎟⎠ (2.169)
͜ͷ໛ܕ͸ɼϏεϚεͷ࣓ؾ఍߅Λܭࢉ͢Δͷʹඪ४తͳ໛ܕͱͯ͠༻͍ΒΕΔ [9,12,13]ɽ
ྔࢠۃݶͷ࣓ؾ఍߅ɿඇϘϧϯࢄཚ
࠷௿ϥϯμ΢४ҐʹͷΈిࢠ͕ଘࡏ͢Δྔࢠۃݶঢ়ଶͰ͸ʢਤ 2.9ʣɼϘϧϯۙࣅ͸࢖
͑ͳ͍ͱ͞Ε͍ͯΔɽ͜ͷ໰୊ʹର͠ɼ1969೥ʹAbrikosov͸ߴ࣍ͷෆ७෺ࢄཚΛߟྀ͠
࣓ͨؾ఍߅ͷཧ࿦Λఏএͨ͠ [116]ɽ
ిࢠΛΩϟϦΞʹ࣓࣋ͭ৔தͷ౳ํతͳۚଐΛߟ͑Δɽϥϯμ΢ήʔδA = (0, Bx, 0)
ͱ͠ɼ࣓৔தࣗ༝ిࢠͷෆ७෺ޮՌΛؚ·ͳ͍άϦʔϯؔ਺͸ɼ࣍ࣜͰද͞ΕΔ
G(0)ss′ (kz, ky, x, x
′) =
∑
l
ψls(kz, ky, x− !ky/eB)ψ∗ls′(kz, ky, x′ − !ky/eB)
iωm + ξ − εl(kz, s) (2.170)
ψls(kz, ky, x) =
2−l/2√
l!
√
eB
!π exp
(
ikyy + ikzz − eB
2!2x
2
)
Hl
(√
eB
! x
)
χs. (2.171)
ωm͸দݪৼಈ਺ɼξ͸ϑΣϧϛΤωϧΪʔɼεl(kz, s)͸ϥϯμ΢४Ґ (ࣜ (2.96))ɼs͸ε
ϐϯͷූ߸ɼHl͸Τϧϛʔτଟ߲ࣜɼχs͸εϐϯͷݻ༗ঢ়ଶΛද͢ɽෆ७෺ͷࢄཚৼ෯
Λ V0ͱ͠ɼෆ७෺ࢄཚʹΑͬͯεϐϯ͸มԽ͠ͳ͍΋ͷͱ͢ΔɽඇϘϧϯࢄཚ (ਤ 2.22)
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ਤ 2.22: ඇϘϧϯࢄཚͷμΠΞάϥϜ
ʹ͓͚ΔάϦʔϯؔ਺G(kz, ky, x, x′)ͱࣗݾΤωϧΪʔ ΣΛܭࢉ͢Δͱ͕࣍ࣜಘΒΕΔɽ
G(kz, ky, x, x
′) =
∑
ls
ψls(kz, ky, x− !ky/eB)ψ∗ls′(kz, ky, x′ − !ky/eB)
iωm + ξ − εn(kz, s)− Σ(ωm) (2.172)
Σ(ωm) = NiV0
(
1 + sign(ωm)iV0
eBmc
2!
∑
ls
k−1Fls
)−1
(2.173)
Ni͸ෆ७෺ೱ౓ɼmc͸αΠΫϩτϩϯ༗ޮ࣭ྔɼkFls͸֤ϥϯμ΢४ҐͷϑΣϧϛ೾਺
Ͱ͋Δɽࣜ (2.172)Λݩʹɼిࢠͷࢄཚ֬཰ τ−1 = −2ImΣͱ࣓ؾ఻ಋ౓ͷର֯੒෼ σiiΛ
ܭࢉ͢Δͱɼ
σxx = σyy
=
e2mc
2π2!
∑
s=±
τ−1s
∑
l
(l + 1/2)k−1Fls (2.174)
σzz =
e2
mc
∑
s
(nsτs) (2.175)
τ−1s =
1 +
(
V0
eBmc
2π!
∑
l k
−1
Fls
)2
NiV 20
eBmc
π!
∑
l k
−1
Fls
(2.176)
ͱͳΔɽns͸εϐϯ sͷΩϟϦΞີ౓Λද͢ɽྔࢠۃݶʢ(eB/mc)/(!2k2F0−/2mc) ≫ 1,
(l, s) = (0,−)ʣͰɼࣜ (2.94)͔Β n = !kFl−eB/2π!ΑΓࣜ (2.176)͸ɼ
τ−1− =
4π!kF0−Ni
eBmcNi
=
(2π)3nNi
(eB)2mc
(2.177)
ͱͳΔɽ্ࣜΛɼࣜ (2.174), (2.175)ʹ୅ೖ͢Δͱ͕࣍ࣜಘΒΕΔ
σxx = σyy =
eNi
πB
(2.178)
σzz =
e4B2
(2π)3Ni
(2.179)
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ྔࢠۃݶঢ়ଶʹ͓͍ͯϗʔϧ఻ಋ౓͸ σyx = ne/BͰ͋Δ͔Β [116]ɼ࣓ؾ఍߅ͷର֯੒
෼ ρii͸ɼ
ρxx = ρyy =
σyy
σ2yx
=
NiB
πn2e
(2.180)
ρzz = σ
−1
zz
= (2π)3Nie
4B−2 (2.181)
ͱͳΔɽ͜ ͷΑ͏ʹɼAbrikosov͸ྔࢠۃݶͰઢܗ࣓ؾ఍߅ρxx,yy ∝ B1Λࣔͨ͠ɽAbrikosov
͸ 1998೥ʹ͜ͷཧ࿦Λ֦ு͠ɼAg2+δSeͰ؍ଌ͞Εͨઢܗ࣓ؾ఍߅Λઆ໌ͨ͠ [120–122]ɽ
֯౓ґଘ࣓ؾ఍߅
࣓ؾ఍߅ݚڀͰ͸࣓৔ͷେ͖͞ґଘੑ͚ͩͰͳ͘ɼ֯౓ґଘੑ΋ॏཁͰ͋Δɽ࣓ؾ఍߅
͸ςϯιϧྔͰ͋Γ࣓৔΍ి৔ΛҹՃ͢Δํ޲Ͱ஋͕มԽ͢Δɽ࣓ؾ఍߅ͷ֯౓ґଘੑΛ
ղੳ͢Δ͜ͱͰɼқಈ౓ µˆ΍؇࿨࣌ؒ τ ͷ֯౓ґଘੑΛղੳ͢Δ͜ͱ͕Ͱ͖Δɽ·ͨɼϑΣ
ϧϛ໘ۙ๣ͷిࢠ͕࣓ؾ఍߅ʹରͯ͠ڧ͍د༩Λ͢Δ͜ͱ͔ΒɼϑΣϧϛ໘ͷҟํੑͱ࣓
ؾ఍߅ͷҟํੑ͸ີ઀ʹؔΘ͍ͬͯΔɽ࣓ؾ఍߅ͷ֯౓ґଘੑௐ΂Δ͜ͱͰɼϑΣϧϛ໘
ͷҟํੑΛௐ΂Δ͜ͱ͕ՄೳͰ͋Δ [123]ɽ
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ਤ 2.23: ϏεϚεͷ֯౓ґଘ࣓ؾ఍߅ [123]ɽిྲྀΛ Trigonal࣠ͱฏߦʹྲྀ͠ɼ࣓৔͸
Trigonal࣠ʹਨ௚ͳ໘಺Ͱճస͍ͤͯ͞Δɽ
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ਤ 2.24: AliΒʹΑΔWTe2ͷ࣓ؾ఍߅ଌఆ݁Ռ [5]ɽਤ͸྆ର਺ͷάϥϑͰ͋Δɽ఍߅͕
࣓৔ͷ̎৐ʹൺྫ͍ͯ͠Δ (ρ ∝ B2)ɽ
2.4.2 ۙ೥ͷ࣓ؾ఍߅ݚڀ
21ੈلʹೖΓɼAliΒ͕WTe2Ͱඇ๞࿨࣓ؾ఍߅Λใࠂͨ͠ [5]ɽ60ςεϥͷ࣓৔தͰ
WTe2ͷ࣓ؾ఍߅͸࣓৔ͷ 2৐ʹൺྫ͠ʢρ ∝ B2ʣɼ࠷େͰ 1300ສ%΋ͷ࣓ؾ఍߅Λࣔ
ͨ͠ʢਤ 2.24ʣɽρ ∝ B2ͷඇ๞࿨࣓ؾ఍߅Λࣔͨ͠൒ۚଐ͸WTe2͕ॳΊͯͰ͋ΔɽAli
Βͷใࠂޙɼ൒ۚଐͷ࣓ؾ఍߅͕࠶஫໨͞Εͨɽͦͷޙɼ࣓ؾ఍߅ݚڀ͸ɼσΟϥοΫి
ࢠܥ෺࣭ʢNbP [3]ɼWP2 [4]ɼCd3As2 [8]ɼLaBi [124]ʣͷిࢠঢ়ଶͱͷؔ܎ʹ·Ͱڵຯ
͕࣋ͨΕɼ੝Μʹݚڀ͞Ε͍ͯΔʢਤ 2.25ʣɽ
·ͨɼ֯ ౓ґଘ࣓ؾ఍߅Ͱ΋ɼϏεϚεʹ͓͚Δ࣓ؾ఍߅ͷ“ରশੑͷഁΕ”ͳͲʢਤ 2.26ʣɼ
৽ͨͳݱ৅͕ใࠂ͞Ε͍ͯΔɽϏεϚεҎ֎ͷ෺࣭Ͱ΋࣓ؾ఍߅ͷ֯౓ґଘੑ͕ଌఆ͞Εɼ
ϑΣϧϛ໘ͱͷؔ܎ [15]΍қಈ౓ͷ֯౓ґଘੑ [21]ͳͲ͕ௐ΂ΒΕ͍ͯΔʢਤ 2.27ʣɽ
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ਤ 2.25: σΟϥοΫిࢠܥ෺࣭ͷ࣓ؾ఍߅ (a)NbP [3]ɼ(b)LaBi [124]ɼ(c)Cd3As2 [8] ɽ
NbP͸ૠೖਤͰࣔ͞Ε͍ͯΔΑ͏ʹɼB >30TͷྖҬͰઢܗ૿Ճ͠ɼLaBi͸࣓৔ͷ̎৐
Ͱ૿Ճ͍ͯ͠Δɽ
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ਤ 2.26: Biͷ֯౓ґଘ࣓ؾ఍߅ͷଌఆ݁Ռ [9]ɽਤ͸ɼిྲྀΛTrigonal࣠ํ޲ʹྲྀ͠ɼ࣓
৔Λిྲྀʹରͯ͠ਨ௚ͳ໘಺Ͱճసͤͯ͞ଌఆͨ݁͠ՌͰ͋ΔɽϏεϚεͷϑΣϧϛ໘͸
Trigonal࣠ʹରͯ̏͠ճରশੑΛ࣋ͭɽ͜ͷ͜ͱ͔ΒɼBin–Bisฏ໘಺Ͱ࣓৔Λճసͤ͞
Δͱɼཧ࿦తʹ͸࣓ؾ఍߅͕̒ճରশੑΛ࣋ͭɽρ−1ͷ֯౓ґଘੑΛݟΔͱɼT = 30KҎ
্Ͱ͸ɼશͯͷ࣓৔ (B =0.5, 4, 10, 14T)Ͱ̒ճରশੑΛ͕ࣔ͢ɼT = 10KҎԼͰ͸̒ճ
ରশੑ͕ࣦΘΕ࢝ΊΔɽT = 5KͰ͸ɼશͯͷ࣓৔ʹରͯ͠ ρ−1͕̎ճରশੑΛࣔ͢ɽ͜
ͷΑ͏ʹɼ௿Թɼڧ࣓৔ͷ৚݅Ͱ࣓ؾ఍߅ͷରশੑͷഁΕ͕؍ଌ͞Εͨɽ
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ਤ 2.27: ֯౓ґଘ࣓ؾ఍߅ʢࠨʣZrSiS [15]ʢӈʣLuPtBi [21]ɽ
2.4.3 ໰୊ఏى
൒ݹయతͱྔࢠ࿦తͳ࣓ؾ఍߅ͷఆྔੑ
ΩϟϦΞͷ༌ૹݱ৅ͷཧ࿦ʹ͸ɼݹయతͳυϧʔσཧ࿦ɼ൒ݹయతͳϘϧπϚϯཧ࿦ɼྔ
ࢠ࿦తͳٱอཧ࿦ͷࡾ͕ͭ͋Δɽࣗ༝ిࢠͷ࣓ؾ఍߅͸ɼऑ࣓৔ۃݶʢB → 0ʣʹ͓͍ͯɼ
ࡾͭͷཧ࿦ʹجͮ͘ܭࢉ݁Ռ͕ఆྔతʹҰக͢Δɽ͔͠͠ɼٱอཧ࿦ʹجͮ͘σΟϥοΫ
ిࢠͷ࣓ؾ఍߅ [125]ͷܭࢉ݁Ռ27ͱɼैདྷͷࣜ (2.148)͸ఆྔతʹҰக͠ͳ͍ʢਤ 2.28ʣɽ
൒ݹయతͳϘϧπϚϯཧ࿦ͷ࣓ؾ఍߅͕ɼྔࢠ࿦తͳٱอཧ࿦ͷ࣓ؾ఍߅ͱऑ࣓৔ͰҰக
͠ͳ͍ͱ͍͏ͷ͸ɼॏେͳ໰୊Ͱ͋Δ28ɽԿނͳΒɼϘϧπϚϯཧ࿦ͱٱอཧ࿦ɼ྆ํͷ
࣓ؾ఍߅͕Ұக͠ͳ͍ͱ͍͏͜ͱ͸ɼͲͪΒ͔ͷཧ࿦ʢ͋Δ͍͸ɼ྆ํʣʹෆे෼ͳ఺͕
ଘࡏ͢Δ͜ͱΛҙຯ͢ΔɽσΟϥοΫిࢠͷ࣓ؾ఍߅ͷσʔλղੳʹ͍ͭͯɼ৴པੑ͕อ
ূ͞Εͳ͍͜ͱʹͳΔɽҎ্ͷΑ͏ͳཧ༝͔Βɼཧ࿦తʹσΟϥοΫిࢠͷ࣓ؾ఍߅Λݚ
ڀ͢Δ͜ͱͰɼϘϧπϚϯཧ࿦ʹج࣓ͮ͘ؾ఍߅ͱٱอཧ࿦ʹج࣓ͮ͘ؾ఍߅ͷؒʹଘࡏ
͢ΔΪϟοϓΛऔΓআ͘ඞཁ͕͋Δɽ
ྔࢠۃݶʹ͓͚Δ൒ۚଐͷ࣓ؾ఍߅
൒ۚଐ΍ڱΪϟοϓ൒ಋମͰྔࢠۃݶʹ͓͚Δ࣓ؾ఍߅ͷݚڀ͕͓͜ͳΘΕʢਤ 2.11(b),
(c)ʣɼϏεϚεͷ࣓ؾ఍߅ʹ͍ͭͯ΋ྔࢠۃݶ͓͚Δҟৗͳ;Δ·͍͕ใࠂ͞Ε͍ͯΔ
ʢਤ 1.1ʣ[10–13]ɽ͔͠͠ɼैདྷͷཧ࿦Ͱ͸ϏεϚεͷྔࢠۃݶʹ͓͚Δ࣓ؾ఍߅ͷ;Δ
·͍Λे෼ʹઆ໌͢Δ͜ͱ͕Ͱ͖ͣɼٞ࿦͕࢒͞Ε͍ͯΔɽ
27ٱอཧ࿦ʹجͮ͘σΟϥοΫిࢠͷ࣓ؾ఍߅ͷࣜʹ͍ͭͯ͸ɼୈ̐ষͰৄ͘͠঺հ͢Δɽ
28ࣜ (2.148)͸ݹయతͳυϧʔσཧ࿦͕ͩɼϘϧπϚϯཧ࿦ʹجͮࣗ͘༝ిࢠͷ࣓ؾ఍߅΋ࣜ (2.148)ͱ౳
͍͠ɽ
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100
101
102
103
104
10-2 10-1 100
Dyx
B (T)
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 
x
x
(⌦
cm
) 
1
<latexit sha1_base64="1MQNVI4VX9bCBg1J8z1rlu3NQIA="></latexit><latexit sha1_base64="1MQNVI4VX9bCBg1J8z1rlu3NQIA="></latexit><latexit sha1_base64="1MQNVI4VX9bCBg1J8z1rlu3NQIA="></latexit><latexit sha1_base64="bs8QlLljyYde7WbNFuyzJJm+ZMk="></latexit><latexit sha1_base64="SQmsVBFACDtJk3LQv5efsqUaqPc="></latexit><latexit sha1_base64="SQmsVBFACDtJk3LQv5efsqUaqPc="></latexit><latexit sha1_base64="gCG6x5X7i5lLfaaYTb5irE6M90I="></latexit><latexit sha1_base64="1MQNVI4VX9bCBg1J8z1rlu3NQIA="></latexit><latexit sha1_base64="1MQNVI4VX9bCBg1J8z1rlu3NQIA="></latexit><latexit sha1_base64="1MQNVI4VX9bCBg1J8z1rlu3NQIA="></latexit><latexit sha1_base64="1MQNVI4VX9bCBg1J8z1rlu3NQIA="></latexit><latexit sha1_base64="1MQNVI4VX9bCBg1J8z1rlu3NQIA="></latexit><latexit sha1_base64="1MQNVI4VX9bCBg1J8z1rlu3NQIA="></latexit>
自由電子
ディラック電子
(a)
102
103
104
10-2 10-1 100
Dyx
B (T)
<latexit sha1_base64="VR7m9WCFTpEiRN/f5UcuIGbu4cY=">AAACa3ichVG7SgNBFD1ZXzE+ErU RtQjGiDbhbhrFSmJj6SsxoCK766hL9sXuJhCDP2BpYxEbBRHxM2z8AQs/QcQqgo2FdzcLoqLeZXbOnLnnzpk7qmPonk/0GJM6Oru6e+K9ib7+gcFkami45NlVVxNFzTZst6wqnjB0SxR93TdE2XGFYqqG2FQrS 8H+Zk24nm5bG37dETumcmDp+7qm+EyVpwpT6ZmN2cRuKkM5CiP9E8gRyCCKFTt1jW3swYaGKkwIWPAZG1Dg8bcFGQSHuR00mHMZ6eG+wDESrK1yluAMhdkK/w94tRWxFq+Dml6o1vgUg4fLyjSy9EA31KJ7uqU nev+1ViOsEXip86y2tcLZTZ6Mrr/9qzJ59nH4qfrTs499zIdedfbuhExwC62trx2dtdYX1rKNabqkZ/Z/QY90xzewaq/a1apYayJ4APl7u3+CUj4nU05ezWcWC9FTxDGOScxwv+ewiGWsoBj2+RRNnMdepBFp TJpop0qxSDOCLyFlPwDCqIsd</latexit><latexit sha1_base64="VR7m9WCFTpEiRN/f5UcuIGbu4cY=">AAACa3ichVG7SgNBFD1ZXzE+ErU RtQjGiDbhbhrFSmJj6SsxoCK766hL9sXuJhCDP2BpYxEbBRHxM2z8AQs/QcQqgo2FdzcLoqLeZXbOnLnnzpk7qmPonk/0GJM6Oru6e+K9ib7+gcFkami45NlVVxNFzTZst6wqnjB0SxR93TdE2XGFYqqG2FQrS 8H+Zk24nm5bG37dETumcmDp+7qm+EyVpwpT6ZmN2cRuKkM5CiP9E8gRyCCKFTt1jW3swYaGKkwIWPAZG1Dg8bcFGQSHuR00mHMZ6eG+wDESrK1yluAMhdkK/w94tRWxFq+Dml6o1vgUg4fLyjSy9EA31KJ7uqU nev+1ViOsEXip86y2tcLZTZ6Mrr/9qzJ59nH4qfrTs499zIdedfbuhExwC62trx2dtdYX1rKNabqkZ/Z/QY90xzewaq/a1apYayJ4APl7u3+CUj4nU05ezWcWC9FTxDGOScxwv+ewiGWsoBj2+RRNnMdepBFp TJpop0qxSDOCLyFlPwDCqIsd</latexit><latexit sha1_base64="VR7m9WCFTpEiRN/f5UcuIGbu4cY=">AAACa3ichVG7SgNBFD1ZXzE+ErU RtQjGiDbhbhrFSmJj6SsxoCK766hL9sXuJhCDP2BpYxEbBRHxM2z8AQs/QcQqgo2FdzcLoqLeZXbOnLnnzpk7qmPonk/0GJM6Oru6e+K9ib7+gcFkami45NlVVxNFzTZst6wqnjB0SxR93TdE2XGFYqqG2FQrS 8H+Zk24nm5bG37dETumcmDp+7qm+EyVpwpT6ZmN2cRuKkM5CiP9E8gRyCCKFTt1jW3swYaGKkwIWPAZG1Dg8bcFGQSHuR00mHMZ6eG+wDESrK1yluAMhdkK/w94tRWxFq+Dml6o1vgUg4fLyjSy9EA31KJ7uqU nev+1ViOsEXip86y2tcLZTZ6Mrr/9qzJ59nH4qfrTs499zIdedfbuhExwC62trx2dtdYX1rKNabqkZ/Z/QY90xzewaq/a1apYayJ4APl7u3+CUj4nU05ezWcWC9FTxDGOScxwv+ewiGWsoBj2+RRNnMdepBFp TJpop0qxSDOCLyFlPwDCqIsd</latexit><latexit sha1_base64="VR7m9WCFTpEiRN/f5UcuIGbu4cY=">AAACa3ichVG7SgNBFD1ZXzE+ErU RtQjGiDbhbhrFSmJj6SsxoCK766hL9sXuJhCDP2BpYxEbBRHxM2z8AQs/QcQqgo2FdzcLoqLeZXbOnLnnzpk7qmPonk/0GJM6Oru6e+K9ib7+gcFkami45NlVVxNFzTZst6wqnjB0SxR93TdE2XGFYqqG2FQrS 8H+Zk24nm5bG37dETumcmDp+7qm+EyVpwpT6ZmN2cRuKkM5CiP9E8gRyCCKFTt1jW3swYaGKkwIWPAZG1Dg8bcFGQSHuR00mHMZ6eG+wDESrK1yluAMhdkK/w94tRWxFq+Dml6o1vgUg4fLyjSy9EA31KJ7uqU nev+1ViOsEXip86y2tcLZTZ6Mrr/9qzJ59nH4qfrTs499zIdedfbuhExwC62trx2dtdYX1rKNabqkZ/Z/QY90xzewaq/a1apYayJ4APl7u3+CUj4nU05ezWcWC9FTxDGOScxwv+ewiGWsoBj2+RRNnMdepBFp TJpop0qxSDOCLyFlPwDCqIsd</latexit>
 
y
x
(⌦
cm
) 
1
<latexit sha1_base64="H4vxAPQDLHBrLcdoS9XPbirjvFA="></latexit><latexit sha1_base64="H4vxAPQDLHBrLcdoS9XPbirjvFA="></latexit><latexit sha1_base64="H4vxAPQDLHBrLcdoS9XPbirjvFA="></latexit><latexit sha1_base64="H4vxAPQDLHBrLcdoS9XPbirjvFA="></latexit>
自由電子
ディラック電子
(b)
ਤ 2.28: σΟϥοΫిࢠͱࣗ༝ిࢠͷ఻ಋ౓ͷൺֱ (a)࣓ؾ఻ಋ౓ σxxɼ(b)ϗʔϧ఻ಋ౓
σyxɽʢ࣮ઢʣٱอެࣜʹجͮ͘σΟϥοΫిࢠͷ఻ಋ౓ʢഁઢʣϘϧπϚϯཧ࿦ʹجͮ͘
ࣗ༝ిࢠͷ఻ಋ౓ɽΩϟϦΞີ౓ nͱқಈ౓ µ͸ n = 1.0 × 1017(cm−3)ɼµ = 100(T−1)
ΛԾఆ͍ͯ͠Δɽਤ͕ࣔ͢Α͏ʹɼٱอެࣜʹجͮ͘σΟϥοΫిࢠͷ఻ಋ౓ͱϘϧπϚ
ϯཧ࿦ʹجͮࣗ͘༝ిࢠͷ఻ಋ౓͸ɼऑ࣓৔ʹ͓͍ͯఆྔతʹҰக͠ͳ͍ɽ
2.4. ࣓ؾ఍߅ 61
ྔࢠۃݶʹ͓͚ΔϏεϚεͷ࣓ؾ఍߅͕े෼ʹઆ໌Ͱ͖ͳ͍ݪҼʹ͸ɼ࣓৔தͷిࢠঢ়
ଶΛ࣓ؾ఍߅ͷղੳʹे෼൓өͤ͞ΒΕ͍ͯͳ͍͜ͱ͕ݪҼͩͱߟ͑ΒΕΔɽڧ࣓৔தͷ
ϏεϚεͷΩϟϦΞີ౓ͱϑΣϧϛΤωϧΪʔ͸࣓৔ʹେ͖͘ґଘ͢Δ29 [14]ɽࣜ (2.148)
͔ΒΘ͔ΔΑ͏ʹɼ࣓ؾ఍߅͸ΩϟϦΞີ౓ʹґଘ͢Δ͜ͱ͔ΒɼΩϟϦΞີ౓ͷ࣓৔ґ
ଘੑ͸ແࢹͰ͖ͳ͍ɽ·ͨɼϏεϚε͸σΟϥοΫిࢠΛΩϟϦΞʹ࣋ͭ͜ͱ͔Βɼࣗ༝
ిࢠΛԾఆͨࣜ͠ (2.148)Λ༻͍ͨ৔߹ʹɼσΟϥοΫిࢠͷిࢠঢ়ଶΛܭࢉʹ൓өͤ͞
Δ͜ͱ͕Ͱ͖Δ͔Ͳ͏͔ٙ໰Ͱ͋ΔɽҎ্ͷཧ༝͔Βɼڧ࣓৔தͷిࢠঢ়ଶΛϘϧπϚϯ
ཧ࿦ʹج࣓ͮ͘ؾ఍߅ʹ൓өͤ͞Δཧ࿦͕ඞཁͰ͋Δ30ɽ
ΞϯνϞϯʹ͓͚Δ࣮ݧͱཧ࿦ͷΪϟοϓ
લड़ͨ͠Α͏ʹɼΞϯνϞϯͷϑΣϧϛ໘ͷܗ͸໌Β͔ͱͳ͓ͬͯΒͣɼະͩٞ࿦͞Ε
͍ͯΔɽͦͷΑ͏ͳঢ়گͷதɼΞϯνϞϯͷਖ਼޸ϑΣϧϛ໘ʹ͍ͭͯɼFauqueΒ͕৽ͨ
ͳใࠂΛͨ͠ [17]ɽ൴Β͸ Liu–Allen໛ܕΛ༻͍ͯΞϯνϞϯͷਖ਼޸ϑΣϧϛ໘Λܭࢉ͠
ͨͱ͜Ζɼਤ 1.3(a)ͷΑ͏ͳෳࡶͳϑΣϧϛ໘Λ͍ͯ͠Δ͜ͱΛൃݟͨ͠ɽैདྷͷਖ਼޸
ϑΣϧϛ໘͸̒ͭͷପԁମ͕ T఺ͷपғʹݽཱͯ͠ଘࡏ͢Δ “ඇ࿈݁”ͳϑΣϧϛ໘Ͱ͋
Δʢਤ 1.2ʣɽҰํɼ৽ͨʹใࠂ͞ΕͨϑΣϧϛ໘ʢਤ 1.3(a)ʣ͸̒ͭͷପԁମ͕੒௕͠ɼ
“࿈݁”ͨ͠ܗͰ͋Δʢ࿈݁ϑΣϧϛ໘ʣɽԾʹɼ࿈݁ϑΣϧϛ໘͕ΞϯνϞϯͷϑΣϧϛ
໘Ͱ͋ͬͨ৔߹ɼପԁମ໛ܕʢҎԼɼ̒ପԁମ໛ܕ31ʣΛԾఆ࣮ͯ͠ݧσʔλΛղੳ͢Δ
ͷ͸ద੾Ͱ͸ͳ͍ɽ͜ͷ͜ͱ͔Βɼ࿈݁ϑΣϧϛ໘ͱ̒ପԁମ໛ܕͷͲͪΒ͕ΞϯνϞϯ
ͷϑΣϧϛ໘ͱͯ͠ద੾͔ɼ໌֬ʹ͢Δඞཁ͕͋Δɽલड़ͷ໨తΛୡ੒͢ΔͨΊʹ͸ɼ࿈
݁ϑΣϧϛ໘ͱ̒ପԁମ໛ܕͦΕͧΕͷτϙϩδʔ΍ҟํੑ͕ɼ෺ཧྔͷ؍ଌͰͲͷΑ͏
ʹݱΕΔ͔Λௐ΂Ε͹ྑ͍ɽຊݚڀͰ͸ɼ֯౓ґଘ࣓ؾ఍߅Λܭࢉ͢Δ͜ͱͰɼϑΣϧϛ
໘Λܾఆ͢ΔࢦඪΛཱͯΔɽ
࿈݁ϑΣϧϛ໘ͱ̒ପԁମͷ࣓ؾ఍߅Λൺֱ͢Δ৔߹ɼͦΕͧΕͷϑΣϧϛ໘ͷҟํੑ
΍τϙϩδʔΛे෼ʹ൓өͤ͞ͳ͚Ε͹ͳΒͳ͍ɽ͔͠͠ɼैདྷͷղੳͰ࢖༻͞ΕΔ࣓ؾ
఍߅ʢࣜ (2.149)-(2.153)ʣ͸ପԁମ໛ܕΛԾఆ͓ͯ͠Γɼ࿈݁ϑΣϧϛ໘ͷҟํੑΛ࣓ؾ
఍߅ͷܭࢉ΁े෼ʹ൓өͤ͞Δ͜ͱ͕Ͱ͖ͳ͍ɽ͜ͷ͜ͱ͔Βɼ೚ҙͷϑΣϧϛ໘ʹର͠
ͯదԠՄೳͳղੳख๏Λ։ൃ͢Δඞཁ͕͋Δɽ
29ΩϟϦΞີ౓ͱϑΣϧϛΤωϧΪʔ͕ڧ࣓৔Ͱ࣓৔ʹґଘ͢Δͷ͸ɼ൒ۚଐͷҰൠతͳੑ࣭Ͱ͋Δɽڱ
Ϊϟοϓ൒ಋମͰ͸ɼϑΣϧϛΤωϧΪʔ͚͕࣓ͩ৔ʹґଘ͠ɼΩϟϦΞີ౓͸࣓৔ʹґଘ͠ͳ͍ɽ
30ٱอཧ࿦ʹج͍ͮͨܭࢉͰ͋Ε͹ɼ࣓৔தͷిࢠঢ়ଶΛ࣓ؾ఍߅ͷܭࢉ΁ࣗવʹ൓өͤ͞Δ͜ͱ͕Ͱ͖
Δɽ͔͠͠ɼٱอཧ࿦ʹج͍ͮͨܭࢉ͸ɼ͕ࣜෳࡶͰ࣮ݧσʔλͷղੳʹ޲͔ͳ͍ɽΏ͑ʹɼ࣓৔தͷిࢠ
ঢ়ଶΛϘϧπϚϯཧ࿦ʹج࣓ͮ͘ؾ఍߅ʹ൓өͤ͞Δཧ࿦͕ඞཁͱͳΔɽ
31ΞϯνϞϯͷిࢠͷϑΣϧϛ໘͸ɼैདྷͷ໛ܕͱେ͖ͳҧ͍͸ͳ͍ɽΞϯνϞϯͷਖ਼޸ͷϑΣϧϛ໘͚ͩ
Λ̒ପԁମ໛ܕͱݺͿɽ
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ୈ3ষ σΟϥοΫిࢠܥͷ࣓ؾ఍߅
ࣗ༝ిࢠͷΤωϧΪʔ͸೾਺ͷ̎࣍ʹൺྫ͠ʢε ∝ k2ʣɼσΟϥοΫిࢠͷΤωϧΪʔ
͸೾਺ͷҰ࣍ʹൺྫ͢Δʢε ∝ k1ʣɽ͜ͷόϯυ෼ࢄͷҧ͍Λ࣓ؾ఍߅ͷܭࢉʹ൓өͤ͞
Δඞཁ͕͋ΔɽσΟϥοΫిࢠͷ༗ޮ໛ܕͷΤωϧΪʔ͔Β൒ݹయతͳ࣓ؾ఍߅ͷࣜΛ࠶
ಋग़͢Δ͜ͱͰɼσΟϥοΫిࢠͷ࣓ؾ఍߅ͷ;Δ·͍Λٞ࿦͢Δɽ
3.1 σΟϥοΫిࢠʹର͢Δ൒ݹయతͳ࣓ؾ఍߅ͷެࣜ
ࠓճզʑ͸ɼσΟϥοΫిࢠܥͷ༗ޮ໛ܕͰ͋ΔҟํతͳWolﬀ໛ܕ [51]Λݩʹɼ࣓ؾ
఍߅Λಋग़ͨ͠ɽిࢠͷ଎౓͸ vk = !−1∂ε/∂kΑΓɼࣜ (2.121)͔ΒσΟϥοΫిࢠͷ଎
౓ vD͸࣍ࣜͰ༩͑ΒΕΔ
vD =
1
!
∂εD
∂k
=
1
!
∂
∂k
(√
∆2 +∆!2k · αˆ · k
)
=
∆
εD
αˆ · !k
= λεv
Q (3.1)
λε =
∆
εD
. (3.2)
vQ͸ࣗ༝ిࢠͷ଎౓ɼ
vQ = αˆ · !k (3.3)
Ͱ͋Δɽແ࣍ݩྔ λε͸ɼࣗ༝ిࢠʹ͸ݟΒΕͳ͍σΟϥοΫిࢠಛ༗ͷྔͰ͋Δɽ͜͜
Ͱ͸ɼແ࣍ݩྔ λεΛ૬ର࿦తิਖ਼ͱݺͿɽࣜ (3.1)-(3.3)ʹग़ͯ͘Δӈݞͷఴ͑ࣈ “D”ͱ
“Q”͸ɼͦΕͧΕσΟϥοΫిࢠͱࣗ༝ిࢠΛද͢1ɽࣜ (3.1)-(3.3)Λ༻͍ͯɼ࣓৔தʹ
͓͚ΔϘϧπϚϯํఔࣜʢࣜ (2.157)ʣΛղ͘ɽඇฏߧঢ়ଶʹ͓͚Δ෼෍ؔ਺ f ͱฏߧঢ়
ଶͷ෼෍ؔ਺ f0ͷ͕ࠩখ͍͞ͱԾఆ͢Δɽ͜ͷͱ͖ f ͸ f0ͱ vDΛ༻͍ͯ࣍ͷΑ͏ʹද
͢͜ͱ͕Ͱ͖Δ [126,127]
f = f0 + F · vD∂f0
∂ε
. (3.4)
1ఴࣈ “D”͸ “Dirac”ͷ಄จࣈΛ༻͍ͨɽఴࣈ “Q”͸ɼࣗ༝ిࢠͷΤωϧΪʔ෼ࢄ͕೾਺ͷ̎৐ʹൺྫ͢
Δ͜ͱ͔Β (εQ ∝ k2)ɼ̎৐Λҙຯ͢Δ “Quadratic”ͷ಄จࣈΛ༻͍ͨɽ
64 ୈ 3ষ σΟϥοΫిࢠܥͷ࣓ؾ఍߅
vD͕೤ฏߧঢ়ଶʹ͓͚Δ଎౓Ͱ͋Δ͔Βɼඇฏߧঢ়ଶͱ೤ฏߧঢ়ଶͷζϨ͸ϕΫτϧ F
ʹؚ·ΕΔɽΑͬͯɼF ͸ి৔Eͱ࣓৔Bʹґଘ͢ΔϕΫτϧͰ͋Δɽࣜ (3.4)͔Β
1
!∇kf =
1
!∇kf0 +
1
!∇k
(
F · vD) ∂f0
∂ε
+
(
F · vD)vD∂2f0
∂ε2
(3.5)
ͱͳΔɽ͜͜Ͱ 1!∇k(F · vD)Λ੒෼දࣔͨ͠΋ͷΛҎԼʹࣔ͢
1
!∇k
(
F · vD) = 1!
⎛⎜⎝ Fx∂xvDx + Fy∂xvDy + Fz∂xvDzFx∂yvDx + Fy∂yvDy + Fz∂yvDz
Fx∂zvDx + Fy∂zv
D
y + Fz∂zv
D
z
⎞⎟⎠+ 1!
⎛⎜⎝ vDx ∂xFx + vDy ∂xFy + vDz ∂xFzvDx ∂yFx + vDy ∂yFy + vDz ∂yFz
vDx ∂zFx + v
D
y ∂zFy + v
D
z ∂zFz
⎞⎟⎠ .
(3.6)
ͨͩ͠ɼ∂i = ∂/∂kiͰ͋Δɽ্ࣜͷ x੒෼ʹ͍ͭͯݟͯΈΔͱ [126]
1
! [∇k
(
F · vD)]x
=
∑
αDxjFj +
1
!
(
vDx ∂xFx + v
D
y ∂xFy + v
D
z ∂xFz
)
=
∑
αDxjFj +
1
!
(
vDx ∂xFx + v
D
y ∂xFy + v
D
z ∂xFz +
∑
s=±
s
(
vDx ∂yFy + v
D
x ∂zFz
))
=
∑
αDxjFj +
1
!
(
[∇k · F ]vDx +
(
vDy ∂x − vDx ∂y
)
Fy +
(
vDz ∂x − vDx ∂z
)
Fz
)
=
∑
αDxjFj +
1
!
(
[∇k · F ]vDx + [
(
vD ×∇k
)× F ]x) . (3.7)
ͱͳΔɽαDij = !−2∂2εD/∂ki∂kj Ͱ͋Δ͔ΒɼୈҰ߲͸∑
αDxjFj =
∑
j
1
!∂x(λεv
Q
j )Fj
=
∑
j
[
1
!(∂xλε)v
Q
j Fj + λε
1
!(∂xv
Q
j )Fj
]
=
∑
j
[
− ∆
(εD)2
vDx v
Q
j Fj + λεαxjFj
]
= − ∆
(εD)2
vDx (v
Q · F ) + λε(αˆ · F )x (3.8)
ͱͳΔɽଞͷ੒෼΋ಉ༷ʹܭࢉΛߦ͏ͱɼࣜ (3.6)͸࣍ࣜʹมܗ͢Δ͜ͱ͕Ͱ͖Δ
1
!∇k
(
F · vD) = −∆
εD
vD(vQ · F ) + λε(αˆ · F )
+
1
!
(
[∇k · F ]vD +
(
vD ×∇k
)× F ) . (3.9)
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F ͸ΤωϧΪʔ εʹґଘ͢Δ͜ͱ͔Β(
vD ×∇k
)× F = (vD ×∇kε ∂∂ε
)
× F
=
(
vD × vD ∂
∂ε
)
× F
= 0 (3.10)
ͱͳΔɽ্ࣜΑΓɼࣜ (3.9)͸࣍ࣜͷΑ͏ʹද͞ΕΔ
1
!∇k (F · vk) = −
∆
εD
vD(vQ · F ) + λε(αˆ · F ) + 1! [∇k · F ]v
D. (3.11)
ࣜ (3.4)ɼ(3.5)ɼ(3.11)Λࣜ (2.157)ʹ୅ೖ͢Δͱɼ࣍ͷΑ͏ʹͳΔ
−e (E + vD ×B) · [1!vD∂f0∂ε +
(
−∆
εD
vD(vQ · F ) + λε(αˆ · F ) + 1! [∇k · F ]v
D
)
∂f0
∂ε
+
1
! (F · vk)v
D∂
2f0
∂ε2
]
= −F · v
D
τ
∂f0
∂ε
. (3.12)
ి৔ʹର͢ΔઢܗԠ౴Λߟ͍͑ͯΔ͜ͱ͔ΒɼE ͷ̎࣍Ҏ্͸ແࢹ͢ΔɽF ͸ E ʹൺ
ྫ͢ΔϕΫτϧͰ͋Δ͔ΒɼF ͱ E ͷੵΛؚΉ߲΋ E ͷ̎࣍ͱͳΔͷͰແࢹͰ͖Δɽ
(vD ×B) · vD = 0Λ༻͍Δͱ
−e(E · vD)∂f0
∂ε
− e (vD ×B) · [λε(αˆ · F )] ∂f0
∂ε
= −F · v
D
k
τ
∂f0
∂ε
(3.13)
্ࣜͷࠨลୈೋ߲͸ެࣜ (X × Y ) ·Z = (Y ×Z) ·X ΑΓɼ͕࣍ࣜಘΒΕΔ
−e (vD ×B) · (λε(αˆ · F )) ∂f0
∂ε
= λε
(
B ×
[
αˆ · F
])
· vD∂f0
∂ε
. (3.14)
͜ΕΛࣜ (3.13)ʹ୅ೖ͠ɼv∂f0/∂kʹର͢Δ߃౳ࣜͱߟ͑Δͱ
−eE − eλε [B × (αˆ · F )] = −1
τ
F (3.15)
ͱͳΔɽ͜͜ͰɼB × (αˆ · F )͸
B × (αˆ · F ) =
⎛⎜⎝ −Bz(αˆ · F )y +By(αˆ · F )zBz(αˆ · F )x −Bx(αˆ · F )z
−By(αˆ · F )x +Bx(αˆ · F )y
⎞⎟⎠ . (3.16)
=
⎛⎜⎝ 0 −Bz ByBz 0 −Bx
−By Bx 0
⎞⎟⎠
⎛⎜⎝ (αˆ · F )x(αˆ · F )y
(αˆ · F )z
⎞⎟⎠ (3.17)
= Bˆ · (αˆ · F ) (3.18)
66 ୈ 3ষ σΟϥοΫిࢠܥͷ࣓ؾ఍߅
ͱද͢͜ͱ͕Ͱ͖Δ [115]ɽࣜ (3.15)ɼ(3.16)͔ΒɼF ͸࣍ࣜͰද͞ΕΔ
F = eτ
(
1ˆ− eτλεBˆ · αˆ
)−1 ·E. (3.19)
Bˆ͸࣓৔ςϯιϧͰ͋Δʢࣜ (2.145)ʣɽ
εϐϯͷॖୀΛߟྀͨ͠ిྲྀີ౓ʢࣜ (2.18)ʣʹࣜ (3.4)ɼ(3.19)Λ୅ೖ͢ΔͱɼσΟ
ϥοΫిࢠͷిྲྀີ౓ jD͸
jD =
−2e
(2π)3
∫
dkvDk
(
F · vDk
) ∂f0
∂ε
=
2e2τ
(2π)3
∫
dk
(
−∂f0
∂ε
)
vDk
[
vDk ·
[(
1ˆ− eτλεBˆ · αˆ
)−1 ·E]] (3.20)
ͱͳΔɽT = 0Ͱɼ∂f0∂ε = δ(ε
D − εF)Ͱ͋Δ͔Βɼࣜ (3.1)ɼ(3.3)ɼ(3.20)ΑΓɼσΟϥο
Ϋిࢠʹର͢Δిྲྀີ౓ jD͸࣍ࣜͰද͞ΕΔɽ
jD = λεFne
(
µ−1 − λεFBˆ
)−1 ·E (3.21)
ͨͩ͠ɼқಈ౓ µˆ͸ µij = eταij Ͱ͋Δɽj = σˆ ·EΑΓɼ࣓ؾ఻ಋ౓ σˆD͸
σˆD(B) = λεFne
(
µ−1 − λεFBˆ
)−1
(3.22)
͜ͷࣜ͸ɼλεF → 1(εF → ∆)ʹ͓͍ͯɼࣗ༝ిࢠͷ࣓ؾ఻ಋ౓ɼ
σˆQ = ne
(
µ−1 − Bˆ
)−1
(3.23)
ͱҰக͢Δ [115]ɽσΟϥοΫిࢠͷઢܗ෼ࢄͱࣗ༝ిࢠͷೋ৐෼ࢄͷҧ͍͕ɼิਖ਼ λεFͱ
ͯ͠ݱΕ͍ͯΔɽ
͔͜͜Β͸ɼ౳ํతσΟϥοΫిࢠʢµij = µ0δijʣʹ͓͚Δͷ৔߹ʹ͍ͭͯٞ࿦͢Δɽ
౳ํతͳσΟϥοΫిࢠʢµij = µ0δijʣΛԾఆ͢Δɽࣜ (3.22)ͷ֤੒෼ΛҎԼʹࣔ͢ɽ
σDxx = (µ0 + λ
2
εFηB
2
x)g
D (3.24)
σDyy = (µ0 + λ
2
εFηB
2
y)g
D (3.25)
σDzz = (µ0 + λ
2
εFηB
2
z )g
D (3.26)
σDyx = (λεFµ
2
0Bz + λ
2
εFηByBx)g
D (3.27)
σDzy = (λεFµ
2
0Bx + λ
2
εFηBzBy)g
D (3.28)
σDxz = (λεFµ
2
0By + λ
2
εFηBzBx)g
D (3.29)
gD = λεFne
[
1 + λ2εFµ
2
0
(
B2x +B
2
y +B
2
z
)]−1
(3.30)
η = det(µˆ) = µ30. (3.31)
ଞͷ੒෼ʹ͍ͭͯ͸ɼΦϯαʔΨʔͷؔ܎ࣜ σˆDij(B) = σˆ
D
ji(−B)͔Βಋ͚Δɽ
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3.2 ̍ΩϟϦΞ໛ܕɿσΟϥοΫిࢠ (ρˆD)
࢝ΊʹɼΩϟϦΞ͕σΟϥοΫిࢠͷΈͷܥʹ͍ͭͯٞ࿦Λߦ͏ɽ࣓৔͕ z࣠ͱฏߦͳ
৔߹ʹ͓͍ͯʢB ∥ z࣠ʣɼσDxxɼσDyxͷ࣓৔ґଘੑΛ྆ର਺ϓϩοτͨ͠΋ͷΛɼਤ 3.1ʹ
ࣔ͢ɽσDxx͸ऑ࣓৔B → 0(T)ͰҰఆ஋Λ͕ࣔ͢ɼڧ࣓৔B∼>0.1(T)Ͱ͸ σDxx ∝ B−2Ͱม
Խ͍ͯ͠Δʢਤ 3.1(a)ʣɽσDyx͸ऑ࣓৔Ͱ σ
D
yx ∝ B1Λࣔ͠ɼڧ࣓৔Ͱ σDyx ∝ B−1Ͱ͋Δ
ʢਤ 3.1(b)ʣɽσDxx,σ
D
yxͷ࣓৔ґଘੑ͕มԽ͢Δ࣓৔ͷେ͖͞͸ɼλεF ͷݮগʹ͕͍ͨ͠େ
͖͘ͳΔɽ͜ͷมԽʹ͍ͭͯ͸ɼ࣍ͷΑ͏ʹཧղ͕ՄೳͰ͋Δɽ఻ಋ౓ σDxx͸ɼڧ࣓৔ྖҬ
ʢ1+ (λεFµB)
2 ≈ (λεFµB)2ʣͰɼݦஶʹ஋͕มԽ͢ΔɽλεF͕ݮগ͢Δͱ λεFµBͷ஋΋ݮ
গ͢ΔͷͰɼڧ࣓৔ྖҬʹ͸ΑΓେ͖ͳ࣓৔͕ඞཁʹͳΔɽσDxx,σ
D
yxͷେ͖͞ʹ஫໨͢Δɽ
σDxx͸ऑ࣓৔ͱڧ࣓৔Ͱ఻ಋ౓ͷେখؔ܎͕ٯస͍ͯ͠ΔɽҰํɼσ
D
yxͰ͸ λεF = 0.2−1.0
ͷάϥϑ͕શ͕ͯಉ͡஋ΛͱΔʢਤ 3.1(b)ʣɽࣜ (3.24)ɼ(3.27)ʹ͍ͭͯɼऑ࣓৔ۙࣅ
ʢ1+ (λεFµB)
2 ≈ 1ʣͱڧ࣓৔ۙࣅʢ1+ (λεFµB)2 ≈ (λεFµB)2ʣΛߦ͏͜ͱͰ༰қʹཧղ
Ͱ͖Δɽऑ࣓৔ͱڧ࣓৔ͷۙࣅΛߦ͏ͱɼσDxx,σ
D
yx͸࣍ࣜͷΑ͏ʹදͤΔ
σDxx =
⎧⎨⎩ λεFneµ0 (1 + λ
2
εFµ
2B2 ≈ 1)
ne
λεFµ0B
2
(1 + λ2εFµ
2
0B
2 ≈ λ2εFµ2B2)
(3.32)
σDyx =
{
λ2εFneµ
2
0B (1 + λ
2
εFµ
2B2 ≈ 1)
ne
B
(1 + λ2εFµ
2
0B
2 ≈ λ2εFµ2B2)
. (3.33)
σDxx͸ɼऑ࣓৔Ͱ σ
D
xx ∝ λεFɼڧ࣓৔Ͱ͸ σDxx ∝ λ−1εF Λࣔ͢ɽ·ͨɼσDyx͸ڧ࣓৔Ͱ λεFκ
ʹґଘ͠ͳ͘ͳΔͷͰɼ೚ҙͷ λεF ʹ͓͍ͯಉ͡஋Λࣔ͢Α͏ʹͳΔɽ
࣍ʹ఍߅ ρˆD = (σˆD)−1ͷ;Δ·͍ʹ͍ͭͯݟͯΈΔɽρij = σˆ−1͔Βɼԣ࣓ؾ఍߅ ρDxxɼ
ϗʔϧ఍߅ ρDyxɼϗʔϧ܎਺͸࣍ࣜͰද͞ΕΔ
ρDxx =
1
λεFneµ0
(3.34)
ρDyx = −
B
ne
(3.35)
RDH = −
1
ne
. (3.36)
্ࣜΑΓɼσΟϥοΫిࢠͷԣ࣓ؾ఍߅ ρDxx͸ λ
−1
εF ͷิਖ਼Λड͚ΔɽλεF ͷ஋͕ݮগ͢
ΔͱɼσΟϥοΫిࢠͷੑ࣭͸ڧ͘ͳΔɽρDxx͸ λεF ʹ൓ൺྫ (ρxx ∝ λ−1εF )͢Δ͜ͱ͔Βɼ
σΟϥοΫిࢠੑ͕ڧ͍ܥ΄Ͳɼิਖ਼ʹΑΔ࣓ؾ఍߅ͷ૿Ճ͸େ͖͍ʢਤ 3.2ʣɽҰํɼϗʔ
ϧ఍߅ ρDyxͱϗʔϧ܎਺R
D
H͸ࣗ༝ిࢠͱಉࣜ͡Ͱද͞ΕΔʢࣜ (3.35),(3.36)ʣɽR
D
Hͷࣜ
͸άϥϑΣϯͷ৔߹ʹ͓͚Δϗʔϧ܎਺ͱಉ݁͡ՌΛಘ͍ͯΔ [128]ɽ
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ਤ 3.1: ࣓ؾ఻ಋ౓ σDij ͷ࣓৔ґଘੑɿ(a)σ
D
xx (b)σyxɽ૬ର࿦తิਖ਼ λεF͸ λεF = 0.2− 1.0
ͰมԽͤͨ͞ɽ
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x
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ਤ 3.2: ρDxx࣓৔ґଘੑ λมԽ [129]
3.3 ̎ΩϟϦΞ໛ܕɿσΟϥοΫిࢠͱࣗ༝ిࢠ (ρˆD+Q)
͜ͷઅͰ͸ɼϏεϚεͷΑ͏ʹɼΤωϧΪʔ͕ઢܗ෼ࢄͷσΟϥοΫిࢠͱΤωϧΪʔ
͕ೋ৐෼ࢄͷਖ਼޸ΛΩϟϦΞʹ࣋ͭܥʹ͍ͭͯٞ࿦͢Δɽ໰୊Λ؆୯ʹ͢ΔͨΊɼ࣓৔
B ∥ z࣠ͱ͠ɼ౳ํతͳిࢠͱਖ਼޸ͷ໛ܕΛԾఆ͢Δʢµij = µ0δij , νij = ν0δijʣɽνij ͸ਖ਼
޸ͷқಈ౓Λද͢ɽԾఆ͍ͯ͠Δܥͷ఻ಋ౓ σD+Qij = σ
D
ij + σ
Q
ij ͱ఍߅ ρ
D+Q
ij = (σˆ
D+Q)−1ij
͸ɼ࣍ͷΑ͏ʹ༩͑ΒΕΔ2
σD+Qxx = σ
D+Q
yy
=
e
[
nλεFµ0 + pν0 + (pλεFµ0 + nν0)λεFµ0ν0B
2
]
(1 + λ2εFµ
2
0B
2)(1 + ν20B
2)
(3.37)
σD+Qyx = −
e
[
(pν20 − nλ2εFµ20)B + (p− n)λ2εFµ20ν20B3
]
(1 + λ2εFµ
2
0B
2)(1 + ν20B
2)
. (3.38)
2ిࢠͱਖ਼޸Ͱ࣓৔ͷد༩͕ਖ਼ෛٯʹͳΔ͜ͱ͔Βɼਖ਼޸ͷ఻ಋ౓ σˆQ ͸ σˆQ = pe(νˆ−1 + Bˆ)−1 Λ༻͍ͯ
͍Δɽ
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ρD+Qxx = ρ
D+Q
yy
=
1
e
nλεFµ0 + pν0 + λεFµ0ν0B
2(nν0 + pλεFµ0)
(nλεFµ0 + pν0)
2 + λ2εFµ
2
0ν
2
0B
2(p− n)2 (3.39)
ρD+Qyx = −ρD+Qxy
=
1
e
(pν20 − nλ2εFµ20)B + λ2εFµ20ν20B3(p− n)
(nλεFµ0 + pν0)
2 + λ2εFµ
2
0ν
2
0B
2(p− n)2 . (3.40)
n, p͸ిࢠͱਖ਼޸ͷΩϟϦΞີ౓ɼe͸ૉిՙ (e > 0)ɼఴࣈ “D”͸σΟϥοΫిࢠɼఴࣈ
“Q”͸ࣗ༝ిࢠΛද͢ɽ
ਤ 3.3(a) ͸ɼΩϟϦΞີ౓ n = p = 1.0 × 1017cm−3ɼิਖ਼ λεF = 0.2, 1.0ɼқಈ౓
µ0 = 100T−1, ν0 = 10T−1ʹ͓͚Δ ρD+Qxx , ρD+Qyx ͷ࣓৔ґଘੑΛද͍ͯ͠Δ3ɽλεF = 0.2
ʢ࣮ઢʣͱ λεF = 1.0ʢഁઢʣʹ͓͚Δ ρ
D+Q
xx ͷ࣓৔ґଘੑ͸ɼఆੑతʹಉ͡;Δ·͍Λࣔ͢
͕ɼఆྔతʹ͸ҟͳΔ஋Λࣔ͢ɽλεF = 0.2ͱ λεF = 1.0ͷάϥϑ͸ɼऑ࣓৔ʢB < 0.05Tʣ
Ͱ࣓৔ʹґଘ͠ͳ͍ɽλεF = 0.2ʹ͓͚Δ ρ
D+Q
xx ͷେ͖͞͸ɼλεF = 1.0ͷ৔߹ʹൺ΂̏
ഒҎ্େ͖ͳ஋Λࣔ͠ɽڧ࣓৔ʢB > 0.05TʣͰ͸ λεF = 1.0ΑΓ΋খ͍͞஋Λࣔ͢ɽ͜
ͷఆྔతͳҧ͍͸ɼρD+Qxx ͷଌఆσʔλΛղੳ͢Δࡍʹେ͖͘Өڹ͢Δɽn = pʹ͓͍
ͯɼλεF = 0.2ͷ ρ
D+Q
yx ͸ λεF = 1.0ͷ৔߹ʹൺ΂ɼৗʹখ͞ͳ஋Λࣔ͢ɽ n ̸= pͷ৔߹ɼ
λεF = 0.2ͷ ρ
D+Q
yx ͕ λεF = 1.0ͷ৔߹ΑΓ΋খ͞ͳ஋Λࣔ͢ͷ͸ɼऑ࣓৔ྖҬ͚ͩͰ͋Δ
ʢਤ 3.4ʣɽλεF = 0.2ͱ λεF = 1.0ͷ ρ
D+Q
yx ͸ɼ໿ 0.6Tͱ໿ 0.7TͰූ߸͕൓స͠ɼ50T෇
ۙͰ͸ఆྔతʹಉ͡஋Λࣔ͢ɽ̍ΩϟϦΞͷ࣌ͱಉ༷ʹɼࣜ (3.39)ɼ(3.40)ͷऑ࣓৔ۙࣅ
ͱڧ࣓৔ۙࣅΛߦ͏͜ͱͰɼ͜ΕΒͷ;Δ·͍ΛཧղͰ͖Δɽ
ऑ࣓৔ʢλ2εFµ
2
0B
2 ≪ 1, ν20B2 ≪ 1ʣʹ͓͍ͯɼࣜ (3.39)ɼ(3.40)͸࣍ͷΑ͏ʹۙࣅ͢Δ
͜ͱ͕Ͱ͖Δ
ρD+Qxx =
1
eν0
1
(nλεFκ+ p)
(3.41)
ρD+Qyx =
1
e
(
p− nλ2εFκ2
)
B
(p+ nλεFκ)
2
. (3.42)
ࣜதͷ κ͸ిࢠͱਖ਼޸ͷқಈ౓ͷൺͰ͋Δʢκ = µ0/ν0ʣɽࣜ (3.41)ɼ (3.42) ͔Βɼ໌Β
͔ʹ λεF ͸ κΛิਖ਼͍ͯ͠Δɽࣜ (3.42)͔Βϗʔϧ܎਺R
D+Q
H ͸
RD+QH =
1
e
p− λ2εFnκ2
(p+ λεFnκ)
2 (3.43)
Ͱ͋Δ͜ͱ͕Θ͔Δɽ͜ͷࣜ͸ɼैདྷͷࣗ༝ిࢠͷΤωϧΪʔ෼ࢄͰද͞ΕΔిࢠͱਖ਼޸
ͷϗʔϧ܎਺RQ+QH ͱಉ༷ͳܗΛ͍ͯ͠Δ [43]
RQ+QH =
1
e
p− nκ2
(p+ nκ)2
. (3.44)
3ύϥϝʔλ n, p,λεF , µ0, ν0 ͷ֤஋͸ɼݱ࣮ͷϏεϚεͷ஋ΛࢀߟʹܾΊͨɽ
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ਤ 3.3: n = pʹ͓͚Δ (a)ԣ࣓ؾ఍߅ ρD+Qxx ͱ (b)ϗʔϧ఍߅ ρ
D+Q
yx ͷ࣓৔ґଘੑɿʢ࣮
ઢʣλεF = 0.2ͱʢഁઢʣλεF = 1.0 [129]
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ਤ 3.4: n = 0.98 × 1017cm−3, p = 1.0 × 1017cm−3 ʹ͓͚Δ (a)ԣ࣓ؾ఍߅ ρD+Qxx ͱ (b)
ϗʔϧ఍߅ ρD+Qyx ͷ࣓৔ґଘੑɿʢ࣮ઢʣλεF = 0.2ͱʢഁઢʣλεF = 1.0 [129]
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ද 3.1: ࣓ؾ఍߅ ρD,D+Qij ͷ·ͱΊɽλεF = ∆/εF͸σΟϥοΫిࢠͷόϯυ෼ࢄΑΔิਖ਼
Λɼκ = µ0/ν0͸ిࢠͱਖ਼޸ͷқಈ౓ʹର͢ΔൺΛද͢ɽ[129]
̍ΩϟϦΞ ̎ΩϟϦΞ
n ̸= p n = p
ρDxx ρ
D
yx ρ
D+Q
xx ρ
D+Q
yx ρ
D+Q
xx ρ
D+Q
yx
ऑ࣓৔
1
neλεFµ0
− B
ne
1
eν0
1
p+ nλεFκ
1
e
(p− nλ2εFκ2)B
(p+ nλεFκ)
2
1
neν0
1
1 + λεFκ
1
ne
(1− λεFκ)B
1 + λεFκ
ڧ࣓৔
1
neλεFµ0
− B
ne
1
eν0
n+ pλεFκ
(n− p)2λεFκ
− B
(n− p)e
ν0
ne
λεFκB
2
1 + λεFκ
1
neν0
(1− λεFκ)B
1 + λεF
κ = µ0/ν0 = 10, n/p ∼ 1.0,λεF = 0.2Λ্ࣜʹ୅ೖ͢ΔͱɼRD+QH ≈ 21(m3/C)ɼRQ+QH ≈
51(m3/C)ͱͳΓɼ̎ഒҎ্ͷҧ͍͕ੜ͡Δɽ̍ΩϟϦΞͷϗʔϧ܎਺RDHͱҟͳΓɼσΟ
ϥοΫిࢠͱࣗ༝ిࢠͷਖ਼޸RD+QH ͷ৔߹ʹ͸ɼλεF ͷิਖ਼Λߟྀ͢Δඞཁ͕͋Δɽ
ڧ࣓৔ʢλ2εFµ
2
0B
2, ν20B
2 ≫ 1ʣʹ͓͍ͯɼ ࣜ (3.39)ͱ (3.40)͸
ρD+Qxx =
⎧⎪⎪⎨⎪⎪⎩
ν0
ne
λεFκB
2
1 + λεFκ
for n = p
1
eν0
n+ pλεFκ
(n− p)2λεFκ
for n ̸= p
(3.45)
ρD+Qyx =
⎧⎪⎪⎨⎪⎪⎩
1
neν0
(1− λεFκ)B
1 + λεFκ
for n = p
− B
(n− p)e for n ̸= p
. (3.46)
ͱۙࣅ͞ΕΔɽࣜ (3.45)͔ΒɼΩϟϦΞີ౓n = pʹ͓͍ͯρD+Qxx ͸B2Ͱ૿Ճ͢ΔɽσΟϥ
οΫిࢠͱࣗ༝ిࢠͷΤωϧΪʔ෼ࢄ͸ҟͳΔʹ΋ؔΘΒͣɼρD+Qxx ͱρ
Q+Q
xx (= ρ
D+Q
xx (λεF =
1.0))͸ڞʹ B2 ʹൺྫ͢Δɽ·ͨɼn ̸= pʹ͓͍ͯɼρD+Qxx ͸஋͕๞࿨͠ʢਤ 3.4(a)ʣɼ
ρD+Qyx ͸ ρ
Q+Q
yx (= ρ
D+Q
xx (λεF = 1.0))ͱಉ͡;Δ·͍Λࣔ͢ʢਤ 3.4(b)ɼද 3.1ʣɽิਖ਼ λεF
͸ɼࣗ༝ిࢠ෼ࢄ͔Βఆٛ͞ΕΔқಈ౓Λิਖ਼͢Δ͜ͱͰɼ఍߅ͷେ͖͞ΛมԽͤ͞Δޮ
ՌΛ࣋ͭɽ
࣮ݧ݁Ռ͔Βқಈ౓Λਪఆ͢Δ৔߹ɼิਖ਼ λεF ͷӨڹΛड͚Δ͜ͱ͔Βɼࣜ (3.22)Λ༻
͍Δ΂͖Ͱ͋Δɽࣗ༝ిࢠʹର͢Δࣜ (3.23)ʹΑͬͯਪఆ͞Εͨқಈ౓ µexpΛ 1/λεF ഒ
͢Δ͜ͱͰɼσΟϥοΫిࢠͷຊདྷͷқಈ౓ µDirac͕ಘΒΕΔʢµDirac = µDirac/λεFʣɽྫ
͑͹ɼϏεϚεʹ͓͍ͯ λεF = 0.215(∆ = 7.65meV, εF = 35.5meV [14])Ͱ͋Δ͜ͱ͔Βɼ
ΩϟϦΞిࢠͷ “ຊདྷ”ͷқಈ౓ µDirac͸ɼ࣮ݧ஋ͷқಈ౓ µexpΛ 1/λεF = 4.65ഒͨ͠஋
Ͱ͋Δɽ۩ମతͳ஋ͷมԽʹ͍ͭͯ͸ɼHartmannͷ஋ [130]Λྫʹɼද 3.2ͱͯ͠·ͱΊ
ͨɽWTe2͸ɼσΟϥοΫిࢠͷਖ਼޸ΩϟϦΞΛ࣋ͭ [5,131]ɽิਖ਼ λεF ≃ 0.083ʢ∆ ≃ 2.5
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ද 3.2: T =4.23Kʹ͓͚ΔɼϏεϚεͷิਖ਼͞Εͨқಈ౓ͱ؇࿨࣌ؒɽ্ஈ͕ࣗ༝ిࢠʹ
ର͢ΔࣜΛ༻͍ͯɼHartmann͕ਪఆͨ͠஋ɼԼஈ͕ λεF = 0.215ʹΑͬͯิਖ਼͞Εͨ஋
Ͱ͋Δɽ[129]
µ1(T
−1) µ2(T−1) µ3(T−1) τ1 × 10−10(s) τ2 × 10−10(s) τ3 × 10−10(s)
Hartman [130] 11000 220 6780 4.4 21.6 4.4
ิਖ਼ޙͷ஋ µDirac 51150 1023 31527 20 100 20
meVɼεF ≃ 30meV4ʣΑΓɼਖ਼޸ͷ “ຊདྷ”ͷқಈ౓͸࣮ݧ஋Λ 1/λεF ≃ 12.0ഒͨ͠஋ͱ
ͳΔɽ
ࣗ༝ిࢠͷࣜΛ༻͍ͯղੳ࣮ͨ͠ݧ஋ͷқಈ౓µexpͱσΟϥοΫిࢠຊདྷͷқಈ౓µDirac
͸ิਖ਼ λεF Λ༻͍ͯɼµexp = λεFµDiracͷؔ܎ʹ͋ΔɽҰݟ͢Δͱɼैདྷͷқಈ౓ µexpΛ
σΟϥοΫిࢠͷқಈ౓ͱ࠶ఆٛ͠ɼϑΟοςΟϯάΛߦ͑͹ྑ͍Α͏ʹࢥ͑Δ5ɽ͔͠͠ɼ
࣮ࡍͷ࣓ؾ఍߅ͷղੳͰ͸ɼқಈ౓ µexpͷ୅ΘΓʹϑΣϧϛ଎౓ vFͱϑΣϧϛ೾਺ kFΛ
༻͍ͯղੳ͕͞ΕΔ͜ͱ΋͋Δ [3]ɽvF, kFͰղੳͨ݁͠Ռ͸ϑΣϧϛ໘ͷد༩Λߟྀͯ͠
͍ΔɽҰํɼқಈ౓ µexp = eτ/m͸όϯυ୺ۙ๣Ͱఆٛ͞ΕΔɽࣗ༝ిࢠͷ৔߹ɼvF, kF
ʹΑΔղੳͱ µΛ༻͍ͨղੳ͸Ұக͢Δ͕ʢਤ 3.5(a)ʣɼσΟϥοΫిࢠͰ͸ݪཧతʹࠩ
ҟ͕ੜ͡Δʢਤ 3.5(b)ʣɽµexpͰղੳͨ͠σʔλΛൺֱ͢Δ৔߹ɼµexpͰ໰୊͸ͳ͍͕ɼ
vFkFͰղੳͨ͠σʔλͱൺֱ͢Δ৔߹ɼϑΣϧϛ໘ͷޮՌΛߟྀ͢ΔͨΊʹɼิਖ਼ λεFΛ
ߟྀͯ͠ൺֱΛߦ͏ඞཁ͕͋Δɽ
4ࢀߟจݙ [132]ͷ “the Supplemental Material”Λࢀর
5ैདྷͷࣗ༝ిࢠͷқಈ౓Λ༻͍Ε͹ྑ͍ͱ͍͏͜ͱɽ
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εF
ε ∝ k2
μ はバンド端近傍で定義
vF, kFを決定．　　　　 
(a)
<latexit sha1_base64="nzv0l/UYKIo4RNOFcV2IcGo NJz4=">AAACZnichVHLSsNAFD2Nr1ofrYoouCkWRTflxo3iqujGZbX2AbWUJI41NE1Ckha0+AOCW7twpSAifoYbf8B F/0BxWcGNC2/TgKiod5iZM2fuuXNmRrUN3fWI2iGpr39gcCg8HBkZHRuPxiYmc65VdzSR1SzDcgqq4gpDN0XW0z1D FGxHKDXVEHm1utndzzeE4+qWuesd2aJUUyqmfqBrisdUZklZLscSlCQ/4j+BHIAEgkhbsRvsYR8WNNRRg4AJj7EBBS 63ImQQbOZKaDLnMNL9fYETRFhb5yzBGQqzVR4rvCoGrMnrbk3XV2t8isHdYWUcC/RIt9ShB7qjZ3r/tVbTr9H1csS z2tMKuxw9nc28/auq8ezh8FP1p2cPB1jzvers3faZ7i20nr5x3Opk1ncWmot0RS/s/5LadM83MBuv2vW22LlAhD9A /v7cP0FuJSlTUt5eSaQ2gq8IYw7zWOL3XkUKW0gjy+dWcIZztEJP0rg0Lc30UqVQoJnCl5DiH7UuikQ=</latexit><latexit sha1_base64="nzv0l/UYKIo4RNOFcV2IcGo NJz4=">AAACZnichVHLSsNAFD2Nr1ofrYoouCkWRTflxo3iqujGZbX2AbWUJI41NE1Ckha0+AOCW7twpSAifoYbf8B F/0BxWcGNC2/TgKiod5iZM2fuuXNmRrUN3fWI2iGpr39gcCg8HBkZHRuPxiYmc65VdzSR1SzDcgqq4gpDN0XW0z1D FGxHKDXVEHm1utndzzeE4+qWuesd2aJUUyqmfqBrisdUZklZLscSlCQ/4j+BHIAEgkhbsRvsYR8WNNRRg4AJj7EBBS 63ImQQbOZKaDLnMNL9fYETRFhb5yzBGQqzVR4rvCoGrMnrbk3XV2t8isHdYWUcC/RIt9ShB7qjZ3r/tVbTr9H1csS z2tMKuxw9nc28/auq8ezh8FP1p2cPB1jzvers3faZ7i20nr5x3Opk1ncWmot0RS/s/5LadM83MBuv2vW22LlAhD9A /v7cP0FuJSlTUt5eSaQ2gq8IYw7zWOL3XkUKW0gjy+dWcIZztEJP0rg0Lc30UqVQoJnCl5DiH7UuikQ=</latexit><latexit sha1_base64="nzv0l/UYKIo4RNOFcV2IcGo NJz4=">AAACZnichVHLSsNAFD2Nr1ofrYoouCkWRTflxo3iqujGZbX2AbWUJI41NE1Ckha0+AOCW7twpSAifoYbf8B F/0BxWcGNC2/TgKiod5iZM2fuuXNmRrUN3fWI2iGpr39gcCg8HBkZHRuPxiYmc65VdzSR1SzDcgqq4gpDN0XW0z1D FGxHKDXVEHm1utndzzeE4+qWuesd2aJUUyqmfqBrisdUZklZLscSlCQ/4j+BHIAEgkhbsRvsYR8WNNRRg4AJj7EBBS 63ImQQbOZKaDLnMNL9fYETRFhb5yzBGQqzVR4rvCoGrMnrbk3XV2t8isHdYWUcC/RIt9ShB7qjZ3r/tVbTr9H1csS z2tMKuxw9nc28/auq8ezh8FP1p2cPB1jzvers3faZ7i20nr5x3Opk1ncWmot0RS/s/5LadM83MBuv2vW22LlAhD9A /v7cP0FuJSlTUt5eSaQ2gq8IYw7zWOL3XkUKW0gjy+dWcIZztEJP0rg0Lc30UqVQoJnCl5DiH7UuikQ=</latexit><latexit sha1_base64="nzv0l/UYKIo4RNOFcV2IcGo NJz4=">AAACZnichVHLSsNAFD2Nr1ofrYoouCkWRTflxo3iqujGZbX2AbWUJI41NE1Ckha0+AOCW7twpSAifoYbf8B F/0BxWcGNC2/TgKiod5iZM2fuuXNmRrUN3fWI2iGpr39gcCg8HBkZHRuPxiYmc65VdzSR1SzDcgqq4gpDN0XW0z1D FGxHKDXVEHm1utndzzeE4+qWuesd2aJUUyqmfqBrisdUZklZLscSlCQ/4j+BHIAEgkhbsRvsYR8WNNRRg4AJj7EBBS 63ImQQbOZKaDLnMNL9fYETRFhb5yzBGQqzVR4rvCoGrMnrbk3XV2t8isHdYWUcC/RIt9ShB7qjZ3r/tVbTr9H1csS z2tMKuxw9nc28/auq8ezh8FP1p2cPB1jzvers3faZ7i20nr5x3Opk1ncWmot0RS/s/5LadM83MBuv2vW22LlAhD9A /v7cP0FuJSlTUt5eSaQ2gq8IYw7zWOL3XkUKW0gjy+dWcIZztEJP0rg0Lc30UqVQoJnCl5DiH7UuikQ=</latexit>
εF
ε ∝ k2
ε = Δ + v2k2
μ はバンド端近傍で定義 
　→放物バンド　　　　 を仮定(ε ∝ k2)
　　　 では，放物バンドと 
ディラックバンドでズレが 
生じる．
εF ≫ Δ
vF, kFを決定．　　　　 
(b)
<latexit sha1_base64="8wovoRHBC0jueNDCQWGcIK bxbes=">AAACZnichVHLSsNAFD2Nr1pfVREFN8Wi6KbcdKO4Krpx2YfVQi0liWMNpklI0kIt/oDg1i5cKYiIn+ HGH3DRP1BcVnDjwts0ICrqHWbmzJl77pyZUW1Ddz2idkjq6x8YHAoPR0ZGx8YnopNTO65VczSR1yzDcgqq4gpDN 0Xe0z1DFGxHKFXVELvq0WZ3f7cuHFe3zG2vYYtSVamY+oGuKR5TuWV1pRyNU4L8iP0EcgDiCCJtRW+wh31Y0FB DFQImPMYGFLjcipBBsJkrocmcw0j39wVOEGFtjbMEZyjMHvFY4VUxYE1ed2u6vlrjUwzuDitjWKRHuqUOPdAdPd P7r7Wafo2ulwbPak8r7PLE6Vzu7V9VlWcPh5+qPz17OMCa71Vn77bPdG+h9fT141Ynt55dbC7RFb2w/0tq0z3f wKy/atcZkb1AhD9A/v7cP8FOMiFTQs4k46mN4CvCmMcClvm9V5HCFtLI87kVnOEcrdCTNC7NSLO9VCkUaKbxJaT YB7cvikU=</latexit><latexit sha1_base64="8wovoRHBC0jueNDCQWGcIK bxbes=">AAACZnichVHLSsNAFD2Nr1pfVREFN8Wi6KbcdKO4Krpx2YfVQi0liWMNpklI0kIt/oDg1i5cKYiIn+ HGH3DRP1BcVnDjwts0ICrqHWbmzJl77pyZUW1Ddz2idkjq6x8YHAoPR0ZGx8YnopNTO65VczSR1yzDcgqq4gpDN 0Xe0z1DFGxHKFXVELvq0WZ3f7cuHFe3zG2vYYtSVamY+oGuKR5TuWV1pRyNU4L8iP0EcgDiCCJtRW+wh31Y0FB DFQImPMYGFLjcipBBsJkrocmcw0j39wVOEGFtjbMEZyjMHvFY4VUxYE1ed2u6vlrjUwzuDitjWKRHuqUOPdAdPd P7r7Wafo2ulwbPak8r7PLE6Vzu7V9VlWcPh5+qPz17OMCa71Vn77bPdG+h9fT141Ynt55dbC7RFb2w/0tq0z3f wKy/atcZkb1AhD9A/v7cP8FOMiFTQs4k46mN4CvCmMcClvm9V5HCFtLI87kVnOEcrdCTNC7NSLO9VCkUaKbxJaT YB7cvikU=</latexit><latexit sha1_base64="8wovoRHBC0jueNDCQWGcIK bxbes=">AAACZnichVHLSsNAFD2Nr1pfVREFN8Wi6KbcdKO4Krpx2YfVQi0liWMNpklI0kIt/oDg1i5cKYiIn+ HGH3DRP1BcVnDjwts0ICrqHWbmzJl77pyZUW1Ddz2idkjq6x8YHAoPR0ZGx8YnopNTO65VczSR1yzDcgqq4gpDN 0Xe0z1DFGxHKFXVELvq0WZ3f7cuHFe3zG2vYYtSVamY+oGuKR5TuWV1pRyNU4L8iP0EcgDiCCJtRW+wh31Y0FB DFQImPMYGFLjcipBBsJkrocmcw0j39wVOEGFtjbMEZyjMHvFY4VUxYE1ed2u6vlrjUwzuDitjWKRHuqUOPdAdPd P7r7Wafo2ulwbPak8r7PLE6Vzu7V9VlWcPh5+qPz17OMCa71Vn77bPdG+h9fT141Ynt55dbC7RFb2w/0tq0z3f wKy/atcZkb1AhD9A/v7cP8FOMiFTQs4k46mN4CvCmMcClvm9V5HCFtLI87kVnOEcrdCTNC7NSLO9VCkUaKbxJaT YB7cvikU=</latexit><latexit sha1_base64="8wovoRHBC0jueNDCQWGcIK bxbes=">AAACZnichVHLSsNAFD2Nr1pfVREFN8Wi6KbcdKO4Krpx2YfVQi0liWMNpklI0kIt/oDg1i5cKYiIn+ HGH3DRP1BcVnDjwts0ICrqHWbmzJl77pyZUW1Ddz2idkjq6x8YHAoPR0ZGx8YnopNTO65VczSR1yzDcgqq4gpDN 0Xe0z1DFGxHKFXVELvq0WZ3f7cuHFe3zG2vYYtSVamY+oGuKR5TuWV1pRyNU4L8iP0EcgDiCCJtRW+wh31Y0FB DFQImPMYGFLjcipBBsJkrocmcw0j39wVOEGFtjbMEZyjMHvFY4VUxYE1ed2u6vlrjUwzuDitjWKRHuqUOPdAdPd P7r7Wafo2ulwbPak8r7PLE6Vzu7V9VlWcPh5+qPz17OMCa71Vn77bPdG+h9fT141Ynt55dbC7RFb2w/0tq0z3f wKy/atcZkb1AhD9A/v7cP8FOMiFTQs4k46mN4CvCmMcClvm9V5HCFtLI87kVnOEcrdCTNC7NSLO9VCkUaKbxJaT YB7cvikU=</latexit>
ਤ 3.5: όϯυ෼ࢄͱқಈ౓ͷؔ܎ɽқಈ౓͸όϯυ୺ͷ෼ࢄͰఆٛ͞ΕΔɽࣗ༝ిࢠόϯ
υ (a)Ͱ͸ɼόϯυ୺ۙ๣ͱϑΣϧϛΤωϧΪʔ෇ۙͰ೾਺ͷґଘੑʹҧ͍͸ͳ͍ɽσΟϥο
Ϋόϯυ (b)Ͱ͸ɼόϯυ୺ۙ๣ͱϑΣϧϛ໘෇ۙͰ೾਺ґଘੑʹҧ͍͕͋ΔʢεF ≫ ∆ʣɽ
ΑͬͯɼvF, kFʹΑΔղੳͱ µΛ༻͍ͨղੳ͸ݪཧతʹ͕ࠩੜ͡Δɽ
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ϥϯμ΢ྔࢠԽ͕ෆ໌ྎͳࡾ࣍ݩܥʹ͓͍ͯɼిࢠͱਖ਼޸ͷΩϟϦΞີ౓ n, p͸ऑྖ
ҬͰ͸࣓৔ʹ΄ͱΜͲґଘ͠ͳ͍ɽ͔͠͠ɼ࣓৔ͷ૿େʹΑͬͯڧ͘ϥϯμ΢ྔࢠԽ͞
ΕΔྔࢠۃݶྖҬͰ͸ɼ൒ۚଐதͷΩϟϦΞີ౓ n, p͸ڧ࣓͘৔ʹґଘ͢Δɽ͜ͷݱ৅
͸ɼΩϟϦΞͷిؾతͳόϥϯεΛதੑʹอͱ͏ͱ͢Δੑ࣭ʢిՙதੑ৚݅ʣ͔Βੜ͡
Δ [12,14,133,134]ɽΩϟϦΞີ౓ͷ࣓৔ґଘੑ͸ɼిࢠͱਖ਼޸ͷқಈ౓ͷࠩҟ͕େ͖͍෺
࣭ʢྫɿϏεϚεʣ΄Ͳڧ͘ݱΕΔɽ͜ͷઅͰ͸ɼ࣓৔ʹґଘ͢ΔΩϟϦΞີ౓n(B), p(B)
Λߟྀ͠ɼσΟϥοΫిࢠͷ఻ಋ౓ σDxx,σ
D
yxͷ;Δ·͍ΛɼϘϧπϚϯཧ࿦ʹج͍ͮͯٞ
࿦͢Δɽ·ͨɼσDxx,σ
D
yxͱٱอެࣜʹΑΔσΟϥοΫిࢠͷ఻ಋ౓ σ
KD
xx ,σ
KD
yx Λൺֱ͢Δ
͜ͱͰɼϘϧπϚϯཧ࿦ʹج͍ͮͨܭࢉͷଥ౰ੑʹ͍ͭͯ֬ೝΛߦ͏ɽ
4.1 ౳ํతͳσΟϥοΫిࢠܥ൒ۚଐͱڧ࣓৔தͷిࢠঢ়ଶ
ຊݚڀͰ͸ిࢠ͸࣓৔தWolﬀ໛ܕͷΤωϧΪʔʢࣜ (2.137)ʣΛɼਖ਼޸͸࣍ࣜͰද͞
ΕΔθʔϚϯ෼྾Λߟྀ࣓ͨ͠৔தͷΤωϧΪʔΛ༻͍ͨ
εD =
√
∆2 + 2∆
[(
l +
1
2
+ σ
1
2
)
me
mc
β0B +
!2k2z
2mz
]
(4.1)
ε0 +∆− εQ =
(
l +
1
2
)
me
Mc
β0B +
!2k2z
2Mz
+ σ
g
2
µBB. (4.2)
2∆͸όϯυΪϟοϓɼl͸ϥϯμ΢ྔࢠ਺ɼσ͸εϐϯͷූ߸ σ = ±1ɼmc(Mc)͸ిࢠʢਖ਼
޸ʣͷαΠΫϩτϩϯ༗ޮ࣭ྔɼmz(Mz)͸࣓৔ʹฏߦͳํ޲ͷ༗ޮ࣭ྔɼkz͸࣓৔ʹฏ
ߦͳ೾਺੒෼ͷେ͖͞ɼε0͸σΟϥοΫిࢠͷόϯυ୺ͱਖ਼޸ͷόϯυ୺ͷΤωϧΪʔࠩɼ
g͸༗ޮ gҼࢠɼme͸ిࢠͷ੩ࢭ࣭ྔɼµB͸ϘʔΞ࣓ࢠɼβ0͸ β0 = 2µBͰ͋Δɽ͜͜Ͱ
͸ɼ∆ = 7.5meVɼε0 = 2∆ɼg = 5ɼmc/me = mz/me = 0.01ɼMc/me = Mz/me = 0.2
ͱ͢ΔɽΩϟϦΞີ౓ n(B)͸ࣜ (2.94)͔Β
n(B) =
eB
2π2!
∑
lσ
kF(l,σ) (4.3)
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ͱද͞ΕΔ1ɽ൒ۚଐͷిՙதੑ৚݅ʢn = pʣ͔Βɼిࢠͱਖ਼޸ͷ֤ϥϯμ΢४Ґʹ͓͚
ΔϑΣϧϛ೾਺ keF(l,σ), k
h
F(l,σ)ʹରͯ͠∑
lσ
keF(l,σ) =
∑
l′σ′
khF(l
′,σ′) (4.4)
͕੒ཱ͢ΔɽಛʹྔࢠۃݶͰ͸ɼ࠷௿ϥϯμ΢४Ґ (l,σ) = (0,−1)ʹͷΈʹిࢠ͸઎༗͞
ΕΔ͜ͱ͔Βɼࣜ (4.4)͸
keF(0,−1) = khF(0,−1) (4.5)
ͱͳΔɽ൒ۚଐͷϑΣϧϛΤωϧΪʔΛཧ࿦తʹܭࢉ͢Δ৔߹͸ɼࣜ (4.4)Λຬͨ͢Α͏
ʹɼεFΛܾΊΔɽࣜ (4.1)ɼ(4.2)ɼ(4.4)͔Βܭࢉ͞ΕΔΤωϧΪʔͷ࣓৔ґଘੑͱΩϟϦ
Ξີ౓ n(B), p(B)ͷ࣓৔ґଘੑΛਤ 4.1ɼ4.2ʹࣔ͢ɽਤ 4.1͔Βɼిࢠ͸B ≃ 7Tɼਖ਼޸
͸B ≃ 12TͰྔࢠۃݶʹ౸ୡ͢Δ͜ͱ͕Θ͔Δɽྔࢠۃݶ౸ୡޙɼిՙதੑ৚݅ʢn = pʣ
ΛकΔͨΊʹ εF͸ݮগ͢Δ2ɽҰํɼΩϟϦΞີ౓ n(B), p(B)͸ࣜ (4.3)ͷ܎਺ eB/2π!2
ʹΑͬͯ૿Ճ͢Δʢਤ 4.2ʣɽΩϟϦΞີ౓ͷ࣓৔ґଘੑ͕૿ՃͱݮগͲͪΒͷ܏޲Λࣔ͢
͔͸ɼBͱ kFͷͲͪΒ͕ࢧ഑త͔Ͱܾ·ΔɽҎԼͰ͸ɼࣜ (4.1)ɼ(4.4)͔Βɼྔࢠۃݶʹ
͓͚ΔϑΣϧϛ೾਺Λܭࢉ͢Δɽࣜ (4.5)͕੒Γཱͭͱ͖ɼࣜ (4.1)ɼ(4.4)தͷ εD, εQ = εF
Ͱ͋Δ͜ͱ͔Β keF(0,−1) = khF(0,−1) = kFͱ͓͘ͱ
εF =
√
∆2 +
∆!2k2F
mz
(4.6)
ε0 +∆− εF = 1
2
me
Mc
β0B +
!2k2F
2Mz
− g
2
µBB (4.7)
͕੒Γཱͭɽ͜ΕΛ kFʹ͍ͭͯղ͘ͱ͕࣍ࣜಘΒΕΔ
kF =
1
!
√√√√
2
(
ζ(B) +
Mz
mz
∆
)
± 2Mz
√
2Mz
mz
∆ζ(B) +
(
Mz
mz
)2
∆2 (4.8)
ζ(B) = ε0 +∆+
g
2
µBB − 1
2
me
Mc
β0B. (4.9)
ζ(B) ∝ B1 ͔ΒɼkF ∝
√
a0 + a1B ͷܗͰද͢͜ͱ͕Ͱ͖Δ3ɽࣜ (4.3)͔Βྔࢠۃݶʹ
͓͚ΔΩϟϦΞີ౓͸ n(B) ∝ BkFͱͳΓɼkFΑΓ΋Bͷํ͕ࢧ഑తͰ͋Δ͜ͱ͕Θ͔
1ࣜ (2.94)ͱࣜ (4.3)͸Ұݟ͢Δͱಉࣜ͡ʹݟ͑Δ͕ɼࣜ (2.94)͸εϐϯ͕ॖୀ͍ͯ͠Δ৔߹ɼࣜ (4.3)
͸εϐϯ͕ॖୀ͍ͯ͠ͳ͍৔߹ͷΩϟϦΞີ౓Ͱ͋Δɽ
2εF ͷมԽ͸ɼిࢠͱਖ਼޸ͷόϯυ෼ࢄ͕ҟͳΔͨΊʹੜ͡Δɽࠓճ࢖༻ͨ͠໛ܕͰ͸ɼྔࢠۃݶʹ͓͍
ͯਖ਼޸ͷ࠷௿ϥϯμ΢४Ґ͚͕ͩมԽ͢ΔɽԾʹϑΣϧϛΤωϧΪʔ͕มԽ͠ͳ͍৔߹ɼిࢠͱਖ਼޸ͷϑΣϧ
ϛ೾਺͕Ұக͠ͳ͘ͳΓɼిՙதੑ৚͕݅ഁΕͯ͠·͏ɽྔࢠۃݶʹ͓͚ΔϑΣϧϛΤωϧΪʔͷ࣓৔ґଘੑ
͸ɼిࢠͱਖ਼޸ͷόϯυ෼ࢄ͕ҟͳΕ͹ྑ͍ͷͰɼΤωϧΪʔ෼ࢄ͕೾਺ͷ̎৐ʹൺྫ͢Δిࢠͱਖ਼޸Ͱ΋
ݟΒΕΔݱ৅Ͱ͋Δɽ
3a1, a2 ͸༗ޮ࣭ྔͳͲͷύϥϝʔλͰද͞ΕΔఆ਺Ͱ͋Δɽ·ͨɼ±2Mz
√
2Mz
mz
∆ζ(B) +
(
Mz
mz
)2
∆2 ͷ
߲ʹ͍ͭͯ͸ɼد༩͕খ͍͞ͱͯ͠ແࢹͨ͠ɽ
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ਤ 4.2: ΩϟϦΞີ౓ͷ࣓৔ґଘੑ [129]
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Δ4ɽ
4.2 ٱอެࣜʹج͍࣓ͮͨؾ఍߅ͷܭࢉ
ຊ࿦จͰզʑ͸ɼϑΣϧϛΤωϧΪʔͱΩϟϦΞີ౓ͷ࣓৔ґଘੑʢਤ 4.1ɼ4.2ʣΛ༻
͍ͯɼϘϧπϚϯཧ࿦ʹج͍࣓ͮͨؾ఍߅ͷܭࢉʢࣜ (3.37)–(3.40)ʣΛߦ͏ɽ͔͠͠ɼ͜
ͷܭࢉ͸զʑಠࣗͷܭࢉͰ͋Δ͜ͱ͔ΒɼಘΒΕΔܭࢉ͕ਖ਼͍͔֬͠ೝ͕ඞཁͰ͋Δɽ·
ͨɼϑΣϧϛσΟϥοΫ෼෍ؔ਺ͱݹయతͳχϡʔτϯͷӡಈํఔࣜΛग़ൃ఺ͱ͍ͯ͠Δ
ϘϧπϚϯํఔࣜʹج͍ͮͨܭࢉ͸ɼ൒ݹయతͳཧ࿦ʹج͍ͮͨܭࢉͰ͋Δɽྔࢠੑ͕ݦ
ஶʹݱΕΔྔࢠۃݶʹ͓͍ͯɼϘϧπϚϯํఔࣜʹج͍ͮͨܭࢉ͕దԠՄೳ͔Ͳ͏͔ٙ໰
΋͋ͬͨɽྔࢠۃݶʹ͓͚Δܭࢉ͸ɼྔࢠ࿦తͳٱอެࣜͰߦ͏ඞཁ͕͋Δͱߟ͑ΒΕΔɽ
Ҏ্ͷཧ༝͔ΒɼσΟϥοΫిࢠʹର͢ΔٱอެࣜΛ༻͍ͯɼ࣓ؾ఍߅ͷ;Δ·͍Λܭࢉ
͢Δɽ
4.2.1 બ୒ଇ
࣓৔தʹ͓͚Δ଎౓ԋࢉࢠ͸ vˆi = !−1∂Hˆ /∂πiͰ͋Δ (mc͸αΠΫϩτϩϯ༗ޮ࣭ྔ)ɽ
ࣜ (2.82)͔ΒɼB = (0, 0, B)ʹ͓͚Δࣗ༝ిࢠͷ଎౓੒෼ vˆx, vˆy ͸
vˆi =
πi
mc
(4.10)
Ͱ͋Δɽੜ੒ফ໓ԋࢉࢠ a+, a−Λ༻͍ͯ vˆx, vˆy Λද͢ͱ
vˆx =
√
!ωc
2mc
(a+ + a−) (4.11)
vˆy = −i
√
!ωc
2mc
(a+ − a−) (4.12)
ͱͳΔɽࣜ (4.11)͔Βɼϥϯμ΢ྔࢠ਺ lɼεϐϯͷූ߸σͷঢ়ଶ |l,σ⟩ͷ଎౓ ⟨l′,σ′| vˆx |l,σ⟩ɼ
⟨l′,σ′| vˆy |l,σ⟩͸࣍ࣜͰද͞ΕΔ
⟨l′, k′z,σ′| vˆx |l, kz,σ⟩ =
√
!ωc
2mc
(
√
l + 1δl′l+1 +
√
lδl′l−1)δσ′σ (4.13)
⟨l′, k′z,σ′| vˆy |l, kz,σ⟩ = −i
√
!ωc
2mc
(
√
l + 1δl′l+1 −
√
lδl′l−1)δσ′σ. (4.14)
ͨͩ͠ɼδij͸ΫϩωοΧʔͷσϧλΛද͢ɽࣜ (4.13)ɼ(4.14)͔Βి৔ʹΑΔΤωϧΪʔ
ભҠͷબ୒ଇ΋ཧղ͢Δ͜ͱ͕Ͱ͖Δɽࣜ (4.13)ɼ(4.14)͸ l′ = l ± 1ͷ৔߹͚ͩ༗ݶͳ
஋Λ࣋ͪɼڐ͞ΕΔΤωϧΪʔભҠ͸ |l,σ⟩ → |l ± 1,σ⟩Ͱ͋Δ͜ͱ͕Θ͔Δɽ
4͜ͷ݁Ռ͸ɼ̎ΩϟϦΞ໛ܕͷ৔߹Ͱ͋ΓɼϏεϚεͷΑ͏ʹిࢠϑΣϧϛ໘͕̏ͭɼਖ਼޸ϑΣϧϛ໘͕
̍ͭͷΑ͏ͳ৔߹Ͱ͸ɼΩϟϦΞີ౓͕ݮগ͢Δ࣓৔ྖҬ΋ଘࡏ͢Δ [12]ɽ
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4.2.2 ࣓ؾ఻ಋ౓
ࣜ (2.119)ɼ(2.142)͔Βɼ౳ํతͳ࣓৔தͷWollﬀ໛ܕͷϋϛϧτχΞϯͱݻ༗ؔ਺͸ɼ
࣍ࣜͰද͞ΕΔ [52, 125]
Hˆ =
(
∆ iv0π · σ
−iv0π · σ −∆
)
(4.15)
ψ =
√
ε+∆
2ε
⎛⎝ φu−iv0(π · σ)φu
ε+∆
⎞⎠ . (4.16)
ͨͩ͠ɼσi(i = x, y, z)͸ύ΢Ϧεϐϯߦྻɼv0͸ v20 = ∆/mcͰఆٛ͞ΕΔ଎౓ͷେ͖͞
Ͱ͋Δ [125]ɽࣗ༝ిࢠͱಉ༷ʹ଎౓ԋࢉࢠ vˆi = ∂Hˆ /∂πi͔Β
vˆi =
(
0 iv0σi
−iv0σi −0
)
(4.17)
Ͱ͋Δɽࣜ (4.16)ɼ(4.17)ΑΓ଎౓੒෼ ⟨ψξ| vˆx |ψζ⟩͸
⟨ψξ| vˆx |ψζ⟩ =
√
(εξ +∆)(εζ +∆)
4εξεζ
×
(
φ∗ξu
iv0φ∗ξu(π · σ)
εξ +∆
)(
0 iv0σx
−iv0σx −0
)⎛⎝ φζu−iv0(π · σ)φζu
εζ +∆
⎞⎠
= v20
√
(εξ +∆)(εζ +∆)
4εξεζ
⟨φξu|
(
σx(π · σ)
εζ +∆
+
(π · σ)σx
εξ +∆
)
|φζu⟩ (4.18)
ͱͳΔɽύ΢Ϧεϐϯʹؔ͢Δަ׵ؔ܎ σµσν − σµσν = 2iεµνλσλͱɼ൓ަ׵ؔ܎ σµσν +
σµσν = 2δµν Λ༻͍Δͱ্ࣜ͸(
σx(π · σ)
εζ +∆
+
(π · σ)σx
εξ +∆
)
=
(εξ +∆)
∑
µ σx(πµσµ) + (εζ +∆)
∑
µ(πµσµ)σx
(εξ +∆)(εζ +∆)
=
1
2
[
(εξ + εζ + 2∆)
∑
µ πµ(σxσµ + σµσx) + (εξ − εζ)
∑
µ πµ(σxσµ − σµσx)
]
(εξ +∆)(εζ +∆)
=
(εξ + εζ + 2∆)πx + i(εξ − εζ)(πyσz − πzσy)
(εξ +∆)(εζ +∆)
(4.19)
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ͱͳΔɽπx,πy,σx,σy ͸
πx =
π+ + π−√
2
πy = −iπ
+ − π−√
2
(4.20)
σx =
1
2
(σ+ + σ−) σy = − i
2
(σ+ − σ−) (4.21)
ͱஔ͖׵͑Δ͜ͱ͕ՄೳͰ͋Δɽπ+,π−,σ+,σ−͸ɼͦΕͧΕΛ |n, kz,σ⟩ʹ࡞༻ͤ͞Δͱ
࣍ࣜΛຬͨ͢ԋࢉࢠͰ͋Δ
π+ |n, kz,σ⟩ =
√
mc!ωc(n+ 1) |n+ 1, kz,σ⟩ (4.22)
π− |n, kz,σ⟩ =
√
mc!ωcn |n− 1, kz,σ⟩ (4.23)
σ+ |n, kz,σ⟩ =
{
0 (σ = +1)
2 |n, kz,−σ⟩ (σ = −1) (4.24)
σ− |n, kz,σ⟩ =
{
2 |n, kz,−σ⟩ (σ = +1)
0 (σ = −1) . (4.25)
ࣜ (4.19)–(4.25)͔Βɼ⟨ψξ| = ⟨l′, k′z,σ′|ɼ|ψζ⟩ = |l, kz,σ⟩ͱ͢Δͱࣜ (4.18)͸
⟨l′,σ′| vˆx |l,σ⟩ = v
2
0
2
A(εlσ, εlσ′)
×
[√
mc!ωc
2
[
(εl′σ′ + εlσ + 2∆)
(√
l + 1δl′l+1δσ′σ +
√
lδl′l−1δσ′σ
)
+ σ (εl′σ′ − εlσ)
(√
l + 1δl′l+1δσ′σ −
√
lδl′l−1δσ′σ
)]
− σ (εl′σ′ − εlσ) !kzδl′lδσ′−σ
]
(4.26)
A(ε1, ε2) = 1√
ε1ε2(ε1 +∆)(ε2 +∆)
(4.27)
Ͱ͋Δɽvˆy ʹ͍ͭͯ΋ܭࢉΛߦ͏ͱ
⟨l′,σ′| vˆy |l,σ⟩ =− iv
2
0
2
A(εlσ, εl′σ′)
×
[√
mc!ωc
2
[
(εl′σ′ + εlσ + 2∆)
(√
l + 1δl′l+1δσ′σ −
√
lδl′l−1δσ′σ
)
+σ (εl′σ′ − εlσ)
(√
l + 1δl′l+1δσ′σ +
√
lδl′l−1δσ′σ
)]
− (εl′σ′ − εlσ) !kzδl′lδσ′−σ
]
(4.28)
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͕ಘΒΕΔɽεlσ ͸ঢ়ଶ |l,σ⟩ ͷݻ༗ΤωϧΪʔΛද͢ɽࣜ (4.13)ɼ(4.14) ͱࣜ (4.26)ɼ
(4.28)ΛͦΕͧΕൺֱ͢ΔͱɼσΟϥοΫిࢠͷ଎౓͸ͱͯ΋ෳࡶͳࣜͰද͞Ε͍ͯΔɽ
(εl′σ′ − εlσ) !kzδl′lδσ′−σͷ߲͸ɼࣗ༝ిࢠͷ৔߹ (ࣜ (4.13),(4.14))ʹ͸ଘࡏ͠ͳ͍ɼσΟ
ϥοΫిࢠಛ༗ͷબ୒ଇͷ߲Ͱ͋Δɽ͜ͷ߲͸ δσ′−σΛؚΉ͜ͱ͔ΒɼσΟϥοΫిࢠ͸
ҟͳΔεϐϯͷݻ༗ঢ়ଶؒͰΤωϧΪʔભҠ͕ՄೳͱͳΔʢ|l,σ⟩ → |l,−σ⟩ʣɽϥϯμ΢
ྔࢠ਺͕มԽ͢ΔΤωϧΪʔભҠΛ “يಓભҠ”ɼεϐϯ͕มԽ͢ΔΤωϧΪʔભҠΛ “ε
ϐϯભҠ”ͱݺͿɽ
ࣜ (2.62)ɼ(2.70)͔Βɼσxx,σyxͷ૬ؔؔ਺Qxx,Qyx͸5
QDxx =
e2v4NL
8
∑
l,kz ,σ
(f1 + f2 + f3) + f4 (4.29)
QDyx = i
e2v4NL
8
∑
l,kz ,σ
(f1 − f2 − σf3) + if4 (4.30)
f1 = F(ω, εl,σ, εl+1σ)(A(εlσ, εl+1σ))2mc!ωc(l + 1) [(εl+1σ + εlσ + 2∆) + σ(εl+1σ − εlσ)]2
(4.31)
f2 = F(ω, εlσ, εl−1σ)(A(εlσ, εl−1σ))2mc!ωcl [(εl−1σ + εlσ + 2∆)− σ(εl−1σ − εlσ)]2
(4.32)
f3 = 2F(ω, εlσ, εl,−σ)(A(εlσ, εl−σ))2!2k2z(εl−σ + εlσ)2 (4.33)
f4 =
e2v2
2
F(!ω,−ε0+, ε0−)(ε0+ + ε0−)
ε0+
(4.34)
Ͱ͋ΔɽF(ω, ε1, ε2)͸άϦʔϯؔ਺෦෼ (ࣜ (2.70))ɼf1, f2͸يಓભҠɼf3, f4͸εϐϯ
ભҠʹ૬౰͢Δɽͨͩ͠ɼf4 ͸ ε = −ε0−(kz = 0)͕બ୒ଇʹؔΘΔ৔߹ͷد༩Ͱ͋Δɽ
ࣜ (4.29)ɼ(4.30)Λࣜ (2.57)ʹ୅ೖ͢Δ͜ͱͰٱอެࣜʹج͍ͮͨɼσΟϥοΫిࢠͷ࣓
ؾ఻ಋ౓Λܭࢉ͢Δɽ
4.3 ࣓ؾ఻ಋ౓ͷൺֱɿٱอެࣜͱϘϧπϚϯํఔࣜ
ਤ 4.1ɼ4.2ͷϑΣϧϛΤωϧΪʔ εFͱΩϟϦΞີ౓ n(B)͔ΒɼಘΒΕͨσΟϥοΫ
ిࢠͷ఻ಋ౓ σDxx,σ
D
yxʢࣜ (3.24), (3.27)ʣΛਤ 4.3ʹࣔ͢ɽ
6 ٱอެࣜʹج͍࣓ͮͨؾ఻ಋ
౓ σKDxx ,σ
KD
yx ΋ɼਤ 4.3ʹ߹Θͤͯهࡌͨ͠ɽਤ 4.3͔ΒΘ͔ΔΑ͏ʹɼิਖ਼ λεF ͱ࣓৔
ʹґଘ͢ΔΩϟϦΞີ౓ n(B)Λߟྀͨ͠ϘϧπϚϯཧ࿦ͷܭࢉͱٱอެࣜͷܭࢉ͸ऑ࣓
5ࣜ (2.62)ͷ··ͩͱɼࣜ (2.70)ͱͷରԠ͕Θ͔Γʹ͍͘ͷͰɼ࣍ࣜΛ༻͍Δͱྑ͍ɽ
Qµν(ω) = −e2
∑
i,j
⟨i| vµ |j⟩ ⟨i| vν |j⟩F(ω, εi, εj)
6͜͜Ͱ͸ɼσΟϥοΫిࢠͷϘϧπϚϯཧ࿦ʹج͍ͮͨ఻ಋ౓ (σDxx,σ
D
yx)ͱɼٱอެࣜʹج͍࣓ͮͨؾ
఻ಋ౓ σKDxx ,σ
KD
yx ͕Ұக͢Δ͜ͱΛڧௐ͢ΔͨΊʹɼਖ਼޸ͷ఻ಋ౓ σ
Q
xx,σ
Q
yx ͸ແࢹͨ͠ɽ
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10-2
10-1
100
101
102
103
104
10-2 10-1 100 101
σ
y
x
 
(
Ω
c
m
)
-
1
B(T)
101
102
103
104
10-2 10-1 100 101
σ
y
x
 
(
Ω
c
m
)
-
1
B(T)
ਤ 4.3: ࣓৔ґଘ͢ΔΩϟϦΞີ౓Λߟྀͨ͠σΟϥοΫిࢠʹ͓͚Δ (a)ԣ࣓ؾ఻ಋ౓
σDxx,σ
KD
xx ɼ(b)ϗʔϧ఻ಋ౓ σ
D
yx,σ
KD
yx ͷ࣓৔ґଘੑɽఴࣈ “KD”͸ٱอެࣜʹΑΔܭࢉ݁
ՌΛද͢ɽܭࢉύϥϝʔλ͸∆ = 7.5meVɼmc/me = mz/me = 0.01ɼµ = 100T−1Ͱ͋
Δɽ[129]
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৔ʹ͓͍ͯ໌Β͔ʹҰக͍ͯ͠ΔʢσDij = σ
KD
ij ʣɽಛʹɼϗʔϧ఻ಋ౓ʹؔͯ͠͸ɼྔࢠۃ
ݶྖҬʹ͓͍ͯ΋ೋͭͷ஋͕׬શʹҰக͍ͯ͠ΔʢσDyx = σ
KD
yx ʣɽԣ࣓ؾ఻ಋ౓ʹ͍ͭͯ
΋ɼྔࢠৼಈΛແࢹ͢Δͱɼڧ࣓৔Ͱ΋஋͕Ұக͢ΔɽҎ্ΑΓɼิਖ਼ λεF ͱΩϟϦΞີ
౓ͷ࣓৔ґଘੑΛߟྀͨ͠ϘϧπϚϯཧ࿦ʹج͍ͮͨ఻ಋ౓ σDij ͸ɼྔࢠৼಈΛআ͖ɼྔ
ࢠۃݶྖҬʹ͓͍ͯ΋ਖ਼͍͠ͱݴ͑Δɽݱ࣮ͷ෺࣭ʹ͓͚Δ࣓ؾ఍߅ͷଌఆͰ͸ɼ೤ࡶԻ
ʹΑΔόϯυͷͳ·Γ΍ɼిࢠ–ిࢠ૬ޓ࡞༻ɼిࢠ–ϑΥϊϯ૬ޓ࡞༻ɼෆ७෺ޮՌͳͲ
ʹΑͬͯྔࢠৼಈ͸ෆ໌ྎʹͳΔɽ͜ͷ͜ͱ͔Βɼ࣮ݧσʔλͷղੳʹ͓͍ͯɼϘϧπϚ
ϯཧ࿦ʹج͍ͮͨΞϓϩʔν͸े෼ʹ༗༻Ͱ͋Δɽ
ݫີʹٱอެࣜͷܭࢉ͕Ͱ͖ΔͷͰ͋Ε͹ɼ࣮ݧσʔλͷղੳͰϘϧπϚϯཧ࿦ʹجͮ
͍ͨܭࢉΛߦ͏ҙຯ͸ͳ͍Α͏ʹࢥ͑Δɽ͔͠͠ɼٱอެࣜͷܭࢉ͸ඇৗʹෳࡶͰɼ఻ಋ
౓ͷ࣓৔ґଘੑ΍σΟϥοΫిࢠͷิਖ਼ʹؔ͢ΔޮՌΛཧղ͢Δͷ͸ɼࠔ೉Ͱ͋Δɽ͜Ε
ʹରͯ͠ɼϘϧπϚϯཧ࿦ʹج͍ͮͨܭࢉ͸ඇৗʹ໌շͰ͋ΓɼσDij ͷ͔ࣜΒ࣓ؾ఍߅ͷ
;Δ·͍Λ༰қʹཧղ͢Δ͜ͱ͕Ͱ͖Δɽ͜ͷΑ͏ͳ఺͔ΒɼϘϧπϚϯཧ࿦ͷܭࢉ͸࣮
ݧσʔλͷղੳʹ͓͍ͯɼٱอެࣜͷܭࢉΑΓ΋༏Ε͍ͯΔɽ
4.4 ྔࢠۃݶʹ͓͚Δ࣓ؾ఍߅
͜͜Ͱ͸ɼิਖ਼ λεFٴͼ࣓৔ґଘ͢ΔΩϟϦΞີ౓ n(B), p(B)Λ༻͍ͨϘϧπϚϯཧ࿦
ͷܭࢉ͔Βɼྔࢠۃݶʹ͓͚Δ࣓ؾ఍߅ͷੑ࣭Λٞ࿦͢Δɽਤ 4.2Ͱࣔͨ͠Α͏ʹɼྔࢠ
ۃݶʹ͓͚Δ൒ۚଐͷΩϟϦΞີ౓͸ڧ͍࣓৔ґଘੑΛࣔ͢ɽ͜ͷޮՌΛߟྀ࣓ͨ͠ؾ఍
߅ ρD+Qxx ͱϗʔϧ఍߅ ρ
D+Q
yx Λਤ 4.4ʹࣔ͢ɽిࢠ͕ྔࢠۃݶ౸ୡͨ͠ B > 7TͰ ρ
D+Q
xx
͸࣓৔ʹରͯ͠ઢܗʹ૿Ճ͢Δʢਤ 4.4(a)ʣɽ·ͨɼϗʔϧ఍߅ ρD+Qyx ͷ࣓৔ґଘੑ͸ɼྔ
ࢠۃݶ౸ୡޙ͸খ͘͞ͳΔʢਤ 4.4(b)ʣɽ͜ͷ;Δ·͍ͷݪҼ͸ɼ࣍ͷΑ͏ʹཧղͰ͖Δɽ
ڧ࣓৔ʹ͓͚Δ ρD+Qxx , ρ
D+Q
yx ͷ࣓৔ґଘੑ͸ɼࣜ (3.45)ɼ(3.46)͔Β
ρD+Qxx =
µ0
n(B)e
λεFB
2
1 + λεFκ
, (4.35)
ρD+Qyx =
1
n(B)e
(1− λεFκ)B
1 + λεFκ
. (4.36)
ͱͳΔɽྔࢠۃݶʹ͓͍ͯɼΩϟϦΞີ౓ n(B)͸࣓৔ʹରͯ͠ઢܗʹ૿Ճ͢Δʢn(B >
7T) ∝ B1ʣɽ͜ΕΛࣜ (4.35),(4.36)ʹ୅ೖ͢Δͱ
ρD+Qxx ∝
B2
n(B)
= B1 (4.37)
ρD+Qyx ∝
B1
n(B)
= B0. (4.38)
ͱͳΔɽ
Ҏ্ͷΑ͏ʹɼσΟϥοΫిࢠͱࣗ༝ిࢠతͳ;Δ·͍Λ͢Δਖ਼޸ΩϟϦΞΛ࣋ͭ൒ۚ
ଐͷઢܗ࣓ؾ఍߅ʹ͍ͭͯɼཧ࿦తʹઆ໌͢Δ͜ͱ͕Ͱ͖ͨɽຊݚڀͰಋೖ࣓ͨ͠৔ʹґ
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ਤ 4.4: (a)࣓ؾ఍߅ ρD+Qxx ͷ࣓৔ґଘੑɼ(b)ϗʔϧ఍߅ ρ
D+Q
yx ͷ࣓৔ґଘੑɽʢ࣮ઢʣΩϟ
ϦΞີ౓ n(B), p(B)ٴͼิਖ਼ λεF ͷ࣓৔ґଘੑΛߟྀͨ͠ ρ
D+Q
ij ʢഁઢʣn, p,λεF ͷ࣓৔
ґଘੑΛߟྀ͠ͳ͍ ρD+Qij ʢn = p = 1.0 × 1017cm−3ɼλεF = 0.2119ʣɽ֤ਤதͷૠೖਤ
͸ɼͦΕͧΕͷάϥϑΛ྆ର਺Ͱϓϩοτͨ͠άϥϑͰ͋Δɽ͢΂ͯͷ࣓৔Ͱిࢠͱਖ਼޸
ͷΩϟϦΞີ౓͸ n(B) = p(B)Λຬͨ͢ɽిࢠͱਖ਼޸ͷқಈ౓͸ͦΕͧΕ µ0 = 100T−1ɼ
ν0 = 10T−1ͱͨ͠ɽ[129]
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ਤ 4.5: ྔࢠۃݶʹ͓͚Δ࣓ؾ఍߅ͷൺֱɿʢ࣮ઢʣρD+Qxx ,ʢഁઢʣρ
Q+Q
xx
ଘ͢ΔΩϟϦΞີ౓ n(B)͸ɼྔࢠۃݶʹ͓͚Δ൒ۚଐͷҰൠతͳੑ࣭Ͱ͋Γɼ೚ҙͷ൒
ۚଐʹ͍ͭͯରԠՄೳͰ͋Δɽ
1969೥ʹAbrikosov͸ిՙதੑ৚͔݅Βɼྔࢠۃݶʹ͓͚ΔΩϟϦΞີ౓ͷ࣓৔ґଘੑ
Λߟྀ͍ͯͨ͠ [116]ɽ͔͠͠ɼ౰࣌ͷ࿦จͰ͸ɼྔࢠۃݶʹ͓͍ͯ൒ۚଐͷ࣓ؾ఍߅͸
࣓৔ʹґଘ͠ͳ͍ͱࣔࠦ͞Εͨɽ2000೥ͱ 2003೥ͷ࿦จͰ͸൒ۚଐͷ࣓ؾ఍߅͕ઢܗʹ
૿Ճ͢Δ͜ͱΛ͍ࣔͯ͠Δ͕ [121,122]ɼΩϟϦΞີ౓ͷ࣓৔ґଘੑ͸ߟྀ͞Ε͍ͯͳ͍ɽ
࠷ۙͷݚڀͰ͸ɼKlierΒ͕ϑΣϧϛΤωϧΪʔͷ࣓৔ґଘੑΛߟྀͨ͠ܭࢉΛߦ͍ͬͯ
Δ [135]ɽ͔͠͠ɼ൴Βͷཧ࿦Ͱ͸ɼΩϟϦΞີ౓Λύϥϝʔλͱͯ͠ݻఆ஋ʹ͍ͯ͠Δ
͜ͱ͔ΒɼΩϟϦΞີ౓ͷ࣓৔ґଘੑͱઢܗ࣓ؾ఍߅ͷؔ܎ʹ͍ͭͯٞ࿦Ͱ͖ͳ͍ɽҎ্
ͷΑ͏ʹɼզʑ͕ఏҊͨ͠ཧ࿦͸ઌߦݚڀʹ͓͚Δઢܗ࣓ؾ఍߅ͷઆ໌ͱ͸ҟͳΔɼ৽ͨ
ͳཧ࿦ͱݴ͑Δɽ[120, 136–143] ·ͨɼզʑͷఏҊͨ͠ཧ࿦͸ɼऑ࣓৔͔Βڧ࣓৔·Ͱͷ
࣓ؾ఍߅Λ࿈ଓతʹݟΔ͜ͱ͕Ͱ͖Δͱ͍͏఺ͰɼAbrikosov΍ Klierͷཧ࿦ΑΓ΋༏Ε
͍ͯΔɽͨͩ͠ɼຊݚڀͰ͸؇࿨࣌ؒͷ࣓৔ґଘੑͳͲΛߟྀ͍ͯ͠ͳ͍ͳͲɼෆे෼ͳ
఺΋ଘࡏ͢Δɽ
ຊষͷ࠷ޙʹɼྔ ࢠۃݶʹ͓͚ΔρD+Qxx ͱρ
Q+Q
xx ͷൺֱΛߦͬ ʢͨਤ 4.5ʣɽ࣓৔ʢB = 0Tʣ
ʹ͓͍ͯೋͭͷ࣓ؾ఍߅ ρD+Qxx , ρ
Q+Q
xx ΛҰகͤ͞ΔͨΊɼρ
Q+Q
xx ͷқಈ౓µʹରͯ͠ɼρ
D+Q
xx
ͷқಈ౓ µ′ = µ/0.21ͱͨ͠ɽྔࢠۃݶʹ͓͚Δ λεFͷ࣓৔ґଘੑ͔Βɼρ
D+Q
xx > ρ
Q+Q
xx ͱ
͍͏݁ՌΛಘΒΕͨɽͨͩ͠ɼͦͷࠩ͸B = 30Tʹ͓͍ͯɼ0.5%ͱඇৗʹখ͍͞ɽ

89
ୈ5ষ ϏεϚεͷ࣓ؾ఍߅
લষ·Ͱ͸౳ํతͳ໛ܕΛ༻͍ͨܭࢉΛߦ͖ͬͯͨɽຊষͰ͸ݱ࣮ͷϏεϚεͷ༗ޮ໛
ܕ͔ΒҟํੑΛߟྀͨ͠ܭࢉΛߦ͍ɼྔࢠۃݶʹ͓͚ΔϏεϚεͷ࣓ؾ఍߅ͷ;Δ·͍ʹ
͍ͭͯٞ࿦͢Δɽ
5.1 ࣓৔தϏεϚεͷ༗ޮ໛ܕ
5.1.1 ֦ுσΟϥοΫ໛ܕ
ϏεϚεͷ L఺ిࢠ͸Cohen–BlountͱWolﬀʹΑͬͯ༗ޮ໛ܕ͕ߏங͞Εͨɽ͔͠͠ɼ
Wolﬀ໛ܕͰ༧ଌ͞ΕΔ֯౓෼ղྔࢠৼಈͷϐʔΫ࣓৔ͱɼBehniaΒͷάϧʔϓ͕ใࠂ͠
ͨϐʔΫ࣓৔ͱ͸Θ͔ͣͳҧ͍͕ݟΒΕͨ [14]ɽͦͷҧ͍͸ɼࣜ (2.137)Ͱද͞ΕΔΤω
ϧΪʔόϯυ͕ɼεϐϯ෼྾͍ͯ͠Δ͜ͱΛ͍ࣔࠦͯ͠ΔɽBehniaΒͷάϧʔϓ͸৽ͨ
ʹ “֦ுσΟϥοΫ໛ܕ”ΛఏҊ͠ɼ࣮ݧ݁ՌΛཧ࿦తʹઆ໌ͨ͠ [52, 134]ɽ
εϐϯ෼྾͕࣓৔ͷҰ࣍ઁಈͷޮՌʹΑͬͯੜͨ͡ͱߟ͑Δͱɼઁಈ߲H ′ͷޮՌ͸࣍
ࣜͰද͞ΕΔ [74, 144–146]ɽ
H ′ = σ
g′β0B
4
. (5.1)
σ ͸εϐϯͷූ߸ ɼβ0 ͸ϘʔΞ࣓ࢠͷ̎ഒʢβ0 = 2µBʣɼB ͸࣓৔ͷେ͖͞ɼg′ ͸෇
Ճ gҼࢠΛද͍ͯ͠Δɽ֦ுσΟϥοΫ໛ܕ͸Wolﬀ໛ܕHWͱH ′ͷ࿨Ͱද͞ΕΔ͔Β
ʢH = HW +H ′ʣɼͦͷݻ༗஋͸
El,± =
√
∆2 + 2∆
[(
l +
1
2
± 1
2
)
me
mc
β0B +
!2k2z
2mz
]
+ σ
g′β0B
4
(5.2)
ͱͳΔɽαΠΫϩτϩϯ༗ޮ࣭ྔmcɼ࣓৔ํ޲ͷ༗ޮ࣭ྔmzɼ෇Ճ gҼࢠ g′͸ɼ༗ޮ࣭
ྔςϯιϧ mˆͱ෇Ճ gҼࢠςϯιϧ gˆ′Λ༻͍ͯɼ࣍ࣜͰද͞ΕΔɽ
mz = b · mˆ · b (5.3)
mc =
√
det(mˆ)
mz
(5.4)
g′ = b · gˆ′ · b (5.5)
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ϏεϚεͷిࢠϑΣϧϛ໘͸ɼe1ͷϑΣϧϛ໘Λ Trigonal࣠ʹରͯ͠∓120◦ճసͤ͞
Δͱ e2ɼe3ͷϑΣϧϛ໘ͱॏͳΔ ʢਤ 5.1ʣɽe1ͷ༗ޮ࣭ςϯιϧ mˆͱ෇Ճ gҼࢠςϯ
ιϧ gˆ′͸࣍ࣜͰද͞ΕΔ
mˆ =
⎛⎜⎝ m1 0 00 m2 m4
0 m4 m3
⎞⎟⎠ (5.6)
gˆ′ =
⎛⎜⎝ g′1 0 00 g′2 g′4
0 g′4 g′3
⎞⎟⎠ . (5.7)
্ࣜʹରͯࣜ͠ (2.168)ͷม׵Λߦ͏͜ͱͰɼe2ͱ e3ͷ༗ޮ࣭ྔςϯιϧͱ෇Ճ gҼࢠς
ϯιϧΛಘΒΕΔ [119]ɽ
ʢྫʣ
mˆe2,e3 = Rˆ
−1
tri
(
∓2π
3
)
mˆRˆtri
(
∓2π
3
)
(5.8)
(5.9)
2011೥ʹใࠂ͞Ε֦ͨுσΟϥοΫ໛ܕ͸ɼཧ࿦ܭࢉͰ༧ଌ͞ΕΔৼಈϐʔΫ͕࣮ݧ݁
ՌͱΑ͘Ұக͢Δ໛ܕͰ͋Δʢਤ 5.2ʣɽͦͷޙɼL఺ʹ͓͚Δ఻ಋଳͱՁిࢠଳؒͷόϯ
υؒ݁߹ޮՌͱ෇Ճ gҼࢠʹର͢Δิਖ਼ V, V ′͕ߟྀ͞Εɼ࠷௿ϥϯμ΢४Ґ͕࣍ࣜͷΑ
͏ʹมߋ͞Εͨ
Einter0,− = ±
√(
ε(kz)− 1
4
g˜′β0B
)2
+ (β0V B)2, (5.10)
g˜′ = g′
(
1 + V ′
|g′|β0B
∆
)
. (5.11)
ͨͩ͠ɼε(kz) =
√
∆2 +∆!
2k2z
mz
Ͱ͋Δɽ֦ுσΟϥοΫ໛ܕ͸ɼݱࡏ΋࣮ݧ݁ՌΛ΋ͱʹ
ߋ৽͞Ε͍ͯΔ [12]ɽ
5.1.2 Smith-Barraf-Rowell໛ܕʢSBR໛ܕʣ
1960೥ʹBrandtͱRazumeenko͕dHvAޮՌΛ༻͍ͯਖ਼޸ϑΣϧϛ໘Λ؍ଌͨ͠ [147]ɽ
BrandtΒͷ؍ଌͰ͸εϐϯ෼྾͕؍ଌ͞Ε͍ͯͳ͔͕ͬͨɼ1964೥ʹ SmithɼBarrafɼ
Rowell͕ dHvAޮՌͷ؍ଌΛߦ͍ɼਖ਼޸ͷεϐϯ෼྾Λ֬ೝͨ͠ʢਤ 5.3ʣ[133] ɽSmith
Β͸͜ͷ࿦จʹ͓͍ͯɼ࣮ݧ݁ՌΛ΋ͱʹ༗ޮ໛ܕΛఏҊͨ͠ʢࣜ (4.2)ʣɽ൴Β͸ϏεϚ
εͷҟํੑΛαΠΫϩτϩϯ༗ޮ࣭ྔͱ gҼࢠʹ൓өͤ͞ΔͨΊʹ༗ޮ࣭ྔςϯιϧͱɼ
5.1. ࣓৔தϏεϚεͷ༗ޮ໛ܕ 91
ਤ 5.1: ిࢠϑΣϧϛ໘ͷҐஔؔ܎
ਤ 5.2: ֦ுσΟϥοΫ໛ܕʹΑΔཧ࿦తͳྔࢠৼಈͷϐʔΫͱɼ֯౓෼ղྔࢠৼಈ࣮ݧ
ͷൺֱ [14]
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ਤ 5.3: dHvAޮՌͷ֯౓ґଘੑ [133]
༗ޮεϐϯ࣭ྔςϯιϧΛ༻͍ͨɽਖ਼޸ϑΣϧϛ໘ͷ༗ޮ࣭ྔςϯιϧ Mˆ ͱ༗ޮεϐϯ
࣭ྔςϯιϧ MˆsΛҎԼʹࣔ͢1ɽ
Mˆ =
⎛⎜⎝ M1 0 00 M2 0
0 0 M3
⎞⎟⎠ (5.12)
Mˆs =
⎛⎜⎝ Ms1 0 00 Ms2 0
0 0 Ms3
⎞⎟⎠ . (5.13)
͜ͷ༗ޮ໛ܕ͸ɼݱࡏ΋࣓৔தϏεϚεͷ༗ޮ໛ܕͱ༷ͯ͠ʑͳ࣮ݧ݁Ռͷղੳʹ࢖ΘΕ
͍ͯΔɽຊݚڀͰ͸ɼ֦ுσΟϥοΫ໛ܕʢࣜ (5.2)ʣͱ SBR໛ܕʢࣜ (4.2)ʣΛ༻͍ͯɼ
ϏεϚεͷిࢠঢ়ଶΛ࣓ؾ఍߅ͷܭࢉʹ൓өͤͨ͞ɽ
5.2 ΤωϧΪʔͱΩϟϦΞີ౓ͷ࣓৔ґଘੑ
ຊݚڀͰ͸B < 30T·Ͱͷ࣮ݧ݁ՌΛ΋ͱʹɼϑΟοςΟϯά͞Εͨύϥϝʔλʢද 5.1ɼ
5.2ʣɼ[134]ɽܭࢉʹ࢖༻ͨ͠ʹࣔ͢ɽ
1SmithΒ͸ిࢠʹରͯ͠΋ɼ༗ޮεϐϯ࣭ྔΛ༻͍ͨ໛ܕΛ࢖༻͍͕ͯͨ͠ɼ൴Β͸ిࢠʹରͯ͠ Lax
Βͷ໛ܕ [148]ʹج͍ͮͯܭࢉ͍ͯͨ͠ɽ
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ද 5.1: ిࢠ (e1)ɿ༗ޮ࣭ྔmiɼ෇Ճ gҼࢠ
g′ɼόϯυؒ૬ޓ࡞༻V, V ′ɼόϯυΪϟοϓ
2∆ [14, 134]
m1 0.00124 g
′
1 -7.26
m2 0.257 g
′
2 24.0
m3 0.00585 g
′
3 -7.92
m4 -0.0277 g
′
4 9.20
V 0.15 V ′ -0.0625
2∆(meV) 15.3
ද 5.2: ਖ਼޸ɿ ༗ޮ࣭ྔMiɼ༗ޮεϐϯ࣭
ྔMsiɼόϯυΦʔόʔϥοϓE0 [14, 134]
M1 =M2 0.0678
M3 0.721
Ms1 =Ms2 0.0319
Ms3 10000
E0 (meV) 38.5
ද 5.3: ిࢠ (e1)ͱਖ਼޸ (h)ͷқಈ౓ µi, νi(୯ҐɿT−1)ɽදͷ஋͸J//BinɼT=10KɼB =
0.5TͰ࣮ݧతʹܾΊΒΕͨϏεϚεͷқಈ౓Ͱ͋Δɽe2ɼe3ͷқಈ౓͸ࣜ (2.168)Λܭࢉ
ͯ͠ಘΔɽ[9]ɽ
ిࢠ (e1) ਖ਼޸ (h)
µ1 400
µ2 20 ν1 = ν2 60
µ3 350 ν3 20
µ4 -40
ද 5.1ɼ5.2ɼࣜ (4.2)ɼ(5.2)-(5.13)͔ΒΤωϧΪʔͱΩϟϦΞີ౓ͷ࣓৔ґଘੑͷ;Δ
·͍Λௐ΂ͨʢਤ 5.4ʣɽਤ 5.4͸࣓৔B ∥Trigonal࣠ΛԾఆ͍ͯ͠Δɽਖ਼޸ͷ࠷௿ϥϯ
μ΢४ҐͱϑΣϧϛΤωϧΪʔ͕࣓৔ʹൺྫͯ͠૿Ճ͢Δʢਤ 5.4(a)ʣɽ͜ͷ;Δ·͍͸
B ∥Trigonal࣠ͷ৔߹ಛ༗ͷ;Δ·͍Ͱ͋Δɽ͜ͷΤωϧΪʔͷ࣓৔ґଘੑ͸ɼલষ·Ͱ
ͷঢ়گͱ͸େ͖͘ҟͳΔ͜ͱ͔ΒɼλεF ʹ͍ͭͯϏεϚεಛ༗ͷޮՌΛݟΔ͜ͱ͕Ͱ͖Δɽ
࣍અͰ λεF ͷิਖ਼Λߟྀͨ͠ϏεϚεͷ࣓ؾ఍߅Λٞ࿦͢Δɽ
5.3 ྔࢠۃݶͱσΟϥοΫిࢠͷ࣓ؾ఍߅
ද 5.3ʹ e1ɼhͷқಈ౓ µi, νiΛࣔ͢ɼe2ɼe3ͷқಈ౓͸ɼࣜ (5.8)͔Βܭࢉ͠ɼρ
D+Q
xx
ͷܭࢉͰ͸ɼқಈ౓ µ′i = µi/λεF ͱͨ͠ɽλεF ͸ɼθϩ࣓৔தͷ L఺ిࢠʹ͓͚Δิਖ਼
λεF = 0.215Ͱ͋ΔɽΑͬͯɼµ
′
1 = 1860(T
−1)ɼµ′2 = 93(T−1)ɼµ′3 = 1628(T−1)ɼµ′4 =
−186(T−1)ͱͳΔɽ
ද 5.3ɼਤ 5.4͔Β ρD+Qxx , ρ
Q+Q
xx ͷ;Δ·͍Λௐ΂ͨʢਤ 5.5ʣɽྔࢠۃݶྖҬʢB > 8Tʣ
ʹ͓͍ͯɼρD+Qxx ͸ ρ
Q+Q
xx ΑΓ΋খ͍͞஋ΛͱΓɼೋͭͷࠩ∆ρxx = |ρQ+Qxx −ρD+Qxx |͸࣓৔
ʹൺྫͯ͠େ͖͘ͳΔɽ͜Ε͸ɼ࣍ͷΑ͏ʹཧղͰ͖ΔɽB ∥Trigonal࣠ʹ͓͍ͯɼྔࢠ
ۃݶͰϑΣϧϛΤωϧΪʔʢਤ 5.4(a)ʣ͸࣓৔ʹରͯ͠ઢܗʹ૿Ճ͢ΔʢεF ∝ B1ʣɽΑͬ
ͯɼ૬ର࿦ิਖ਼ λεF ͸ λεF ∝ B−1ͱͳΔɽ·ͨɼΩϟϦΞີ౓΋࣓৔ʹઢܗͰ૿Ճ͢Δ͜
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<latexit sha1_base64="cBWKlanw6ZLGV8qyuhjDEiX0 9ik=">AAACiXichVG7SgNBFD2u7/UVtRFsxKiIRbhroZIqoIWlr6hgJOyuYxzczK67m0AM/oA/YGGlICI2ttra+AMWfo JYKthYeLNZ8IV6h5k5c+aeO2dmLM+RQUj00KA1NjW3tLa16x2dXd09id6+1cAt+bbI2q7j+uuWGQhHKpENZeiIdc8XZt FyxJq1O1vbXysLP5CuWgkrntgsmgUlt6VthkzlEyM5SxSkqoo9Zfq+WZk40KdIzwm19YnKJ5KUoiiGfgIjBknEseAmzp HDFlzYKKEIAYWQsQMTAbcNGCB4zG2iypzPSEb7AgfQWVviLMEZJrO7PBZ4tRGzite1mkGktvkUh7vPyiGM0j1d0DPd0S U90tuvtapRjZqXCs9WXSu8fM/hwPLrv6oizyF2PlR/eg6xjZnIq2TvXsTUbmHX9eX9o+fl9NJodYxO6Yn9n9AD3fINVP nFPlsUS8fQ+QOM78/9E6xOpgxKGYuTycxc/BVtGMQwxvm9p5HBPBaQ5XMPcYVr3GgdmqHNaOl6qtYQa/rxJbTZd2izl 4g=</latexit>
<latexit sha1_base64="gHfYyzXtaq1nU5QrzVLKwj/aKn M=">AAACiXichVG7SgNBFD2u7/UVtRFsxKiIRbhro6QKaGHpKyoYCbvrGIdsZtfdTSAGf8AfsLBSEBEbW21t/AELP0EsFWw svNks+EK9w8ycOXPPnTMzlufIICR6aNKaW1rb2js69a7unt6+RP/AWuCWfVtkbddx/Q3LDIQjlciGMnTEhucLs2Q5Yt0qzt X31yvCD6SrVsOqJ7ZKZkHJHWmbIVP5xFjOEgWpamJPmb5vVqcO9BnSc0Jtf6LyiSSlKIqRn8CIQRJxLLqJc+SwDRc2yihBQ CFk7MBEwG0TBggec1uoMeczktG+wAF01pY5S3CGyWyRxwKvNmNW8bpeM4jUNp/icPdZOYJxuqcLeqY7uqRHevu1Vi2qUfdS5 dlqaIWX7zscWnn9V1XiOcTuh+pPzyF2MBt5lezdi5j6LeyGvrJ/9LySXh6vTdApPbH/E3qgW76BqrzYZ0ti+Rg6f4Dx/bl/ grXplEEpY2k6mZmPv6IDwxjFJL/3DDJYwCKyfO4hrnCNG61LM7RZLd1I1ZpizSC+hDb3DmrEl4k=</latexit>
<latexit sha1_base64="q0R8Eosq8hSnz0nJSoJRqOzABAg="></latexit>
0+e
<latexit sha1_base64="CJvwczP3OlBisnD4d2qCe9CU9/Q=">AAAClHicSyrIySwuMTC4ycjEzMLKxs7BycXNw 8vHLyAoFFacX1qUnBqanJ+TXxSRlFicmpOZlxpaklmSkxpRUJSamJuUkxqelO0Mkg8vSy0qzszPCympLEiNzU1Mz8tMy0xOLAEKxQvoxySlpmfmVacW5iUWFSVWatVyGcRXxxTlKqTWxlVr13LFpOalIMnGCygb6BmAgQImwxDKUGaAgo B8geUMMQwpDPkMyQylDLkMqQx5DCVAdg5DIkMxEEYzGDIYMBQAxWIZqoFiRUBWJlg+laGWgQuotxSoKhWoIhEomg0k04G8aKhoHpAPMrMYrDsZaEsOEBcBdSowqBpcNVhp8NnghMFqg5cGf3CaVQ02A+SWSiCdBNGbWhDP3yUR/J2grlw gXcKQgdCF180lDGkMFmC3ZgLdXgAWAfkiGaK/rGr652CrINVqNYNFBq+B7l9ocNPgMNAHeWVfkpcGpgbNZuACRoAhenBjMsKM9AwN9AwDjZQdnKBRwcEgzaDEoAEMb3MGBwYPhgCGUKC9Uxl2MxxhOMokxmTD5MzkClHKxAjVI8yAApj8 AHqvnFY=</latexit><latexit sha1_base64="CJvwczP3OlBisnD4d2qCe9CU9/Q=">AAAClHicSyrIySwuMTC4ycjEzMLKxs7BycXNw 8vHLyAoFFacX1qUnBqanJ+TXxSRlFicmpOZlxpaklmSkxpRUJSamJuUkxqelO0Mkg8vSy0qzszPCympLEiNzU1Mz8tMy0xOLAEKxQvoxySlpmfmVacW5iUWFSVWatVyGcRXxxTlKqTWxlVr13LFpOalIMnGCygb6BmAgQImwxDKUGaAgo B8geUMMQwpDPkMyQylDLkMqQx5DCVAdg5DIkMxEEYzGDIYMBQAxWIZqoFiRUBWJlg+laGWgQuotxSoKhWoIhEomg0k04G8aKhoHpAPMrMYrDsZaEsOEBcBdSowqBpcNVhp8NnghMFqg5cGf3CaVQ02A+SWSiCdBNGbWhDP3yUR/J2grlw gXcKQgdCF180lDGkMFmC3ZgLdXgAWAfkiGaK/rGr652CrINVqNYNFBq+B7l9ocNPgMNAHeWVfkpcGpgbNZuACRoAhenBjMsKM9AwN9AwDjZQdnKBRwcEgzaDEoAEMb3MGBwYPhgCGUKC9Uxl2MxxhOMokxmTD5MzkClHKxAjVI8yAApj8 AHqvnFY=</latexit><latexit sha1_base64="CJvwczP3OlBisnD4d2qCe9CU9/Q=">AAAClHicSyrIySwuMTC4ycjEzMLKxs7BycXNw 8vHLyAoFFacX1qUnBqanJ+TXxSRlFicmpOZlxpaklmSkxpRUJSamJuUkxqelO0Mkg8vSy0qzszPCympLEiNzU1Mz8tMy0xOLAEKxQvoxySlpmfmVacW5iUWFSVWatVyGcRXxxTlKqTWxlVr13LFpOalIMnGCygb6BmAgQImwxDKUGaAgo B8geUMMQwpDPkMyQylDLkMqQx5DCVAdg5DIkMxEEYzGDIYMBQAxWIZqoFiRUBWJlg+laGWgQuotxSoKhWoIhEomg0k04G8aKhoHpAPMrMYrDsZaEsOEBcBdSowqBpcNVhp8NnghMFqg5cGf3CaVQ02A+SWSiCdBNGbWhDP3yUR/J2grlw gXcKQgdCF180lDGkMFmC3ZgLdXgAWAfkiGaK/rGr652CrINVqNYNFBq+B7l9ocNPgMNAHeWVfkpcGpgbNZuACRoAhenBjMsKM9AwN9AwDjZQdnKBRwcEgzaDEoAEMb3MGBwYPhgCGUKC9Uxl2MxxhOMokxmTD5MzkClHKxAjVI8yAApj8 AHqvnFY=</latexit><latexit sha1_base64="CJvwczP3OlBisnD4d2qCe9CU9/Q=">AAAClHicSyrIySwuMTC4ycjEzMLKxs7BycXNw 8vHLyAoFFacX1qUnBqanJ+TXxSRlFicmpOZlxpaklmSkxpRUJSamJuUkxqelO0Mkg8vSy0qzszPCympLEiNzU1Mz8tMy0xOLAEKxQvoxySlpmfmVacW5iUWFSVWatVyGcRXxxTlKqTWxlVr13LFpOalIMnGCygb6BmAgQImwxDKUGaAgo B8geUMMQwpDPkMyQylDLkMqQx5DCVAdg5DIkMxEEYzGDIYMBQAxWIZqoFiRUBWJlg+laGWgQuotxSoKhWoIhEomg0k04G8aKhoHpAPMrMYrDsZaEsOEBcBdSowqBpcNVhp8NnghMFqg5cGf3CaVQ02A+SWSiCdBNGbWhDP3yUR/J2grlw gXcKQgdCF180lDGkMFmC3ZgLdXgAWAfkiGaK/rGr652CrINVqNYNFBq+B7l9ocNPgMNAHeWVfkpcGpgbNZuACRoAhenBjMsKM9AwN9AwDjZQdnKBRwcEgzaDEoAEMb3MGBwYPhgCGUKC9Uxl2MxxhOMokxmTD5MzkClHKxAjVI8yAApj8 AHqvnFY=</latexit>
1+e
<latexit sha1_base64="/e4L6EqWusiw4QC5ssGXyzZqcxo=">AAAClHicSyrIySwuMTC4ycjEzMLKxs7BycXNw 8vHLyAoFFacX1qUnBqanJ+TXxSRlFicmpOZlxpaklmSkxpRUJSamJuUkxqelO0Mkg8vSy0qzszPCympLEiNzU1Mz8tMy0xOLAEKxQvoxySlpmfmVacW5iUWFSVWatVyGcZXxxTlKqTWxlVr13LFpOalIMnGCygb6BmAgQImwxDKUGaAgo B8geUMMQwpDPkMyQylDLkMqQx5DCVAdg5DIkMxEEYzGDIYMBQAxWIZqoFiRUBWJlg+laGWgQuotxSoKhWoIhEomg0k04G8aKhoHpAPMrMYrDsZaEsOEBcBdSowqBpcNVhp8NnghMFqg5cGf3CaVQ02A+SWSiCdBNGbWhDP3yUR/J2grlw gXcKQgdCF180lDGkMFmC3ZgLdXgAWAfkiGaK/rGr652CrINVqNYNFBq+B7l9ocNPgMNAHeWVfkpcGpgbNZuACRoAhenBjMsKM9AwN9AwDjZQdnKBRwcEgzaDEoAEMb3MGBwYPhgCGUKC9Uxl2MxxhOMokxmTD5MzkClHKxAjVI8yAApj8 AHzLnFc=</latexit><latexit sha1_base64="/e4L6EqWusiw4QC5ssGXyzZqcxo=">AAAClHicSyrIySwuMTC4ycjEzMLKxs7BycXNw 8vHLyAoFFacX1qUnBqanJ+TXxSRlFicmpOZlxpaklmSkxpRUJSamJuUkxqelO0Mkg8vSy0qzszPCympLEiNzU1Mz8tMy0xOLAEKxQvoxySlpmfmVacW5iUWFSVWatVyGcZXxxTlKqTWxlVr13LFpOalIMnGCygb6BmAgQImwxDKUGaAgo B8geUMMQwpDPkMyQylDLkMqQx5DCVAdg5DIkMxEEYzGDIYMBQAxWIZqoFiRUBWJlg+laGWgQuotxSoKhWoIhEomg0k04G8aKhoHpAPMrMYrDsZaEsOEBcBdSowqBpcNVhp8NnghMFqg5cGf3CaVQ02A+SWSiCdBNGbWhDP3yUR/J2grlw gXcKQgdCF180lDGkMFmC3ZgLdXgAWAfkiGaK/rGr652CrINVqNYNFBq+B7l9ocNPgMNAHeWVfkpcGpgbNZuACRoAhenBjMsKM9AwN9AwDjZQdnKBRwcEgzaDEoAEMb3MGBwYPhgCGUKC9Uxl2MxxhOMokxmTD5MzkClHKxAjVI8yAApj8 AHzLnFc=</latexit><latexit sha1_base64="/e4L6EqWusiw4QC5ssGXyzZqcxo=">AAAClHicSyrIySwuMTC4ycjEzMLKxs7BycXNw 8vHLyAoFFacX1qUnBqanJ+TXxSRlFicmpOZlxpaklmSkxpRUJSamJuUkxqelO0Mkg8vSy0qzszPCympLEiNzU1Mz8tMy0xOLAEKxQvoxySlpmfmVacW5iUWFSVWatVyGcZXxxTlKqTWxlVr13LFpOalIMnGCygb6BmAgQImwxDKUGaAgo B8geUMMQwpDPkMyQylDLkMqQx5DCVAdg5DIkMxEEYzGDIYMBQAxWIZqoFiRUBWJlg+laGWgQuotxSoKhWoIhEomg0k04G8aKhoHpAPMrMYrDsZaEsOEBcBdSowqBpcNVhp8NnghMFqg5cGf3CaVQ02A+SWSiCdBNGbWhDP3yUR/J2grlw gXcKQgdCF180lDGkMFmC3ZgLdXgAWAfkiGaK/rGr652CrINVqNYNFBq+B7l9ocNPgMNAHeWVfkpcGpgbNZuACRoAhenBjMsKM9AwN9AwDjZQdnKBRwcEgzaDEoAEMb3MGBwYPhgCGUKC9Uxl2MxxhOMokxmTD5MzkClHKxAjVI8yAApj8 AHzLnFc=</latexit><latexit sha1_base64="/e4L6EqWusiw4QC5ssGXyzZqcxo=">AAAClHicSyrIySwuMTC4ycjEzMLKxs7BycXNw 8vHLyAoFFacX1qUnBqanJ+TXxSRlFicmpOZlxpaklmSkxpRUJSamJuUkxqelO0Mkg8vSy0qzszPCympLEiNzU1Mz8tMy0xOLAEKxQvoxySlpmfmVacW5iUWFSVWatVyGcZXxxTlKqTWxlVr13LFpOalIMnGCygb6BmAgQImwxDKUGaAgo B8geUMMQwpDPkMyQylDLkMqQx5DCVAdg5DIkMxEEYzGDIYMBQAxWIZqoFiRUBWJlg+laGWgQuotxSoKhWoIhEomg0k04G8aKhoHpAPMrMYrDsZaEsOEBcBdSowqBpcNVhp8NnghMFqg5cGf3CaVQ02A+SWSiCdBNGbWhDP3yUR/J2grlw gXcKQgdCF180lDGkMFmC3ZgLdXgAWAfkiGaK/rGr652CrINVqNYNFBq+B7l9ocNPgMNAHeWVfkpcGpgbNZuACRoAhenBjMsKM9AwN9AwDjZQdnKBRwcEgzaDEoAEMb3MGBwYPhgCGUKC9Uxl2MxxhOMokxmTD5MzkClHKxAjVI8yAApj8 AHzLnFc=</latexit>
1 e
<latexit sha1_base64="VmJHUVf5uT0Ez+Z3MD+7uG8muJE=">AAAClHicSyrIySwuMTC4ycjEzMLKxs7BycXNw 8vHLyAoFFacX1qUnBqanJ+TXxSRlFicmpOZlxpaklmSkxpRUJSamJuUkxqelO0Mkg8vSy0qzszPCympLEiNzU1Mz8tMy0xOLAEKxQvoxySlpmfmVacW5iUWFSVWatVyGcZXxxTlKqTWxlXr1nLFpOalIMnGCygb6BmAgQImwxDKUGaAgo B8geUMMQwpDPkMyQylDLkMqQx5DCVAdg5DIkMxEEYzGDIYMBQAxWIZqoFiRUBWJlg+laGWgQuotxSoKhWoIhEomg0k04G8aKhoHpAPMrMYrDsZaEsOEBcBdSowqBpcNVhp8NnghMFqg5cGf3CaVQ02A+SWSiCdBNGbWhDP3yUR/J2grlw gXcKQgdCF180lDGkMFmC3ZgLdXgAWAfkiGaK/rGr652CrINVqNYNFBq+B7l9ocNPgMNAHeWVfkpcGpgbNZuACRoAhenBjMsKM9AwN9AwDjZQdnKBRwcEgzaDEoAEMb3MGBwYPhgCGUKC9Uxl2MxxhOMokxmTD5MzkClHKxAjVI8yAApj8 AIDtnFk=</latexit><latexit sha1_base64="VmJHUVf5uT0Ez+Z3MD+7uG8muJE=">AAAClHicSyrIySwuMTC4ycjEzMLKxs7BycXNw 8vHLyAoFFacX1qUnBqanJ+TXxSRlFicmpOZlxpaklmSkxpRUJSamJuUkxqelO0Mkg8vSy0qzszPCympLEiNzU1Mz8tMy0xOLAEKxQvoxySlpmfmVacW5iUWFSVWatVyGcZXxxTlKqTWxlXr1nLFpOalIMnGCygb6BmAgQImwxDKUGaAgo B8geUMMQwpDPkMyQylDLkMqQx5DCVAdg5DIkMxEEYzGDIYMBQAxWIZqoFiRUBWJlg+laGWgQuotxSoKhWoIhEomg0k04G8aKhoHpAPMrMYrDsZaEsOEBcBdSowqBpcNVhp8NnghMFqg5cGf3CaVQ02A+SWSiCdBNGbWhDP3yUR/J2grlw gXcKQgdCF180lDGkMFmC3ZgLdXgAWAfkiGaK/rGr652CrINVqNYNFBq+B7l9ocNPgMNAHeWVfkpcGpgbNZuACRoAhenBjMsKM9AwN9AwDjZQdnKBRwcEgzaDEoAEMb3MGBwYPhgCGUKC9Uxl2MxxhOMokxmTD5MzkClHKxAjVI8yAApj8 AIDtnFk=</latexit><latexit sha1_base64="VmJHUVf5uT0Ez+Z3MD+7uG8muJE=">AAAClHicSyrIySwuMTC4ycjEzMLKxs7BycXNw 8vHLyAoFFacX1qUnBqanJ+TXxSRlFicmpOZlxpaklmSkxpRUJSamJuUkxqelO0Mkg8vSy0qzszPCympLEiNzU1Mz8tMy0xOLAEKxQvoxySlpmfmVacW5iUWFSVWatVyGcZXxxTlKqTWxlXr1nLFpOalIMnGCygb6BmAgQImwxDKUGaAgo B8geUMMQwpDPkMyQylDLkMqQx5DCVAdg5DIkMxEEYzGDIYMBQAxWIZqoFiRUBWJlg+laGWgQuotxSoKhWoIhEomg0k04G8aKhoHpAPMrMYrDsZaEsOEBcBdSowqBpcNVhp8NnghMFqg5cGf3CaVQ02A+SWSiCdBNGbWhDP3yUR/J2grlw gXcKQgdCF180lDGkMFmC3ZgLdXgAWAfkiGaK/rGr652CrINVqNYNFBq+B7l9ocNPgMNAHeWVfkpcGpgbNZuACRoAhenBjMsKM9AwN9AwDjZQdnKBRwcEgzaDEoAEMb3MGBwYPhgCGUKC9Uxl2MxxhOMokxmTD5MzkClHKxAjVI8yAApj8 AIDtnFk=</latexit><latexit sha1_base64="VmJHUVf5uT0Ez+Z3MD+7uG8muJE=">AAAClHicSyrIySwuMTC4ycjEzMLKxs7BycXNw 8vHLyAoFFacX1qUnBqanJ+TXxSRlFicmpOZlxpaklmSkxpRUJSamJuUkxqelO0Mkg8vSy0qzszPCympLEiNzU1Mz8tMy0xOLAEKxQvoxySlpmfmVacW5iUWFSVWatVyGcZXxxTlKqTWxlXr1nLFpOalIMnGCygb6BmAgQImwxDKUGaAgo B8geUMMQwpDPkMyQylDLkMqQx5DCVAdg5DIkMxEEYzGDIYMBQAxWIZqoFiRUBWJlg+laGWgQuotxSoKhWoIhEomg0k04G8aKhoHpAPMrMYrDsZaEsOEBcBdSowqBpcNVhp8NnghMFqg5cGf3CaVQ02A+SWSiCdBNGbWhDP3yUR/J2grlw gXcKQgdCF180lDGkMFmC3ZgLdXgAWAfkiGaK/rGr652CrINVqNYNFBq+B7l9ocNPgMNAHeWVfkpcGpgbNZuACRoAhenBjMsKM9AwN9AwDjZQdnKBRwcEgzaDEoAEMb3MGBwYPhgCGUKC9Uxl2MxxhOMokxmTD5MzkClHKxAjVI8yAApj8 AIDtnFk=</latexit>
0 e
<latexit sha1_base64="9e3K/Z65hPLabG+K6WdlmczMj3Y=">AAAClHicSyrIySwuMTC4ycjEzMLKxs7BycXNw 8vHLyAoFFacX1qUnBqanJ+TXxSRlFicmpOZlxpaklmSkxpRUJSamJuUkxqelO0Mkg8vSy0qzszPCympLEiNzU1Mz8tMy0xOLAEKxQvoxySlpmfmVacW5iUWFSVWatVyGcRXxxTlKqTWxlXr1nLFpOalIMnGCygb6BmAgQImwxDKUGaAgo B8geUMMQwpDPkMyQylDLkMqQx5DCVAdg5DIkMxEEYzGDIYMBQAxWIZqoFiRUBWJlg+laGWgQuotxSoKhWoIhEomg0k04G8aKhoHpAPMrMYrDsZaEsOEBcBdSowqBpcNVhp8NnghMFqg5cGf3CaVQ02A+SWSiCdBNGbWhDP3yUR/J2grlw gXcKQgdCF180lDGkMFmC3ZgLdXgAWAfkiGaK/rGr652CrINVqNYNFBq+B7l9ocNPgMNAHeWVfkpcGpgbNZuACRoAhenBjMsKM9AwN9AwDjZQdnKBRwcEgzaDEoAEMb3MGBwYPhgCGUKC9Uxl2MxxhOMokxmTD5MzkClHKxAjVI8yAApj8 AH7RnFg=</latexit><latexit sha1_base64="9e3K/Z65hPLabG+K6WdlmczMj3Y=">AAAClHicSyrIySwuMTC4ycjEzMLKxs7BycXNw 8vHLyAoFFacX1qUnBqanJ+TXxSRlFicmpOZlxpaklmSkxpRUJSamJuUkxqelO0Mkg8vSy0qzszPCympLEiNzU1Mz8tMy0xOLAEKxQvoxySlpmfmVacW5iUWFSVWatVyGcRXxxTlKqTWxlXr1nLFpOalIMnGCygb6BmAgQImwxDKUGaAgo B8geUMMQwpDPkMyQylDLkMqQx5DCVAdg5DIkMxEEYzGDIYMBQAxWIZqoFiRUBWJlg+laGWgQuotxSoKhWoIhEomg0k04G8aKhoHpAPMrMYrDsZaEsOEBcBdSowqBpcNVhp8NnghMFqg5cGf3CaVQ02A+SWSiCdBNGbWhDP3yUR/J2grlw gXcKQgdCF180lDGkMFmC3ZgLdXgAWAfkiGaK/rGr652CrINVqNYNFBq+B7l9ocNPgMNAHeWVfkpcGpgbNZuACRoAhenBjMsKM9AwN9AwDjZQdnKBRwcEgzaDEoAEMb3MGBwYPhgCGUKC9Uxl2MxxhOMokxmTD5MzkClHKxAjVI8yAApj8 AH7RnFg=</latexit><latexit sha1_base64="9e3K/Z65hPLabG+K6WdlmczMj3Y=">AAAClHicSyrIySwuMTC4ycjEzMLKxs7BycXNw 8vHLyAoFFacX1qUnBqanJ+TXxSRlFicmpOZlxpaklmSkxpRUJSamJuUkxqelO0Mkg8vSy0qzszPCympLEiNzU1Mz8tMy0xOLAEKxQvoxySlpmfmVacW5iUWFSVWatVyGcRXxxTlKqTWxlXr1nLFpOalIMnGCygb6BmAgQImwxDKUGaAgo B8geUMMQwpDPkMyQylDLkMqQx5DCVAdg5DIkMxEEYzGDIYMBQAxWIZqoFiRUBWJlg+laGWgQuotxSoKhWoIhEomg0k04G8aKhoHpAPMrMYrDsZaEsOEBcBdSowqBpcNVhp8NnghMFqg5cGf3CaVQ02A+SWSiCdBNGbWhDP3yUR/J2grlw gXcKQgdCF180lDGkMFmC3ZgLdXgAWAfkiGaK/rGr652CrINVqNYNFBq+B7l9ocNPgMNAHeWVfkpcGpgbNZuACRoAhenBjMsKM9AwN9AwDjZQdnKBRwcEgzaDEoAEMb3MGBwYPhgCGUKC9Uxl2MxxhOMokxmTD5MzkClHKxAjVI8yAApj8 AH7RnFg=</latexit><latexit sha1_base64="9e3K/Z65hPLabG+K6WdlmczMj3Y=">AAAClHicSyrIySwuMTC4ycjEzMLKxs7BycXNw 8vHLyAoFFacX1qUnBqanJ+TXxSRlFicmpOZlxpaklmSkxpRUJSamJuUkxqelO0Mkg8vSy0qzszPCympLEiNzU1Mz8tMy0xOLAEKxQvoxySlpmfmVacW5iUWFSVWatVyGcRXxxTlKqTWxlXr1nLFpOalIMnGCygb6BmAgQImwxDKUGaAgo B8geUMMQwpDPkMyQylDLkMqQx5DCVAdg5DIkMxEEYzGDIYMBQAxWIZqoFiRUBWJlg+laGWgQuotxSoKhWoIhEomg0k04G8aKhoHpAPMrMYrDsZaEsOEBcBdSowqBpcNVhp8NnghMFqg5cGf3CaVQ02A+SWSiCdBNGbWhDP3yUR/J2grlw gXcKQgdCF180lDGkMFmC3ZgLdXgAWAfkiGaK/rGr652CrINVqNYNFBq+B7l9ocNPgMNAHeWVfkpcGpgbNZuACRoAhenBjMsKM9AwN9AwDjZQdnKBRwcEgzaDEoAEMb3MGBwYPhgCGUKC9Uxl2MxxhOMokxmTD5MzkClHKxAjVI8yAApj8 AH7RnFg=</latexit>
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1 h
<latexit sha1_base64="KxJGW88ITIcYEaHj0uTjKvZguTA=">AAAClHicSyrIySwuMTC4ycjEzMLKxs7BycXNw 8vHLyAoFFacX1qUnBqanJ+TXxSRlFicmpOZlxpaklmSkxpRUJSamJuUkxqelO0Mkg8vSy0qzszPCympLEiNzU1Mz8tMy0xOLAEKxQvoxySlpmfmVacW5iUWFSVWatVyGcZXxxTlKmTUxlXr1nLFpOalIMnGCygb6BmAgQImwxDKUGaAgo B8geUMMQwpDPkMyQylDLkMqQx5DCVAdg5DIkMxEEYzGDIYMBQAxWIZqoFiRUBWJlg+laGWgQuotxSoKhWoIhEomg0k04G8aKhoHpAPMrMYrDsZaEsOEBcBdSowqBpcNVhp8NnghMFqg5cGf3CaVQ02A+SWSiCdBNGbWhDP3yUR/J2grlw gXcKQgdCF180lDGkMFmC3ZgLdXgAWAfkiGaK/rGr652CrINVqNYNFBq+B7l9ocNPgMNAHeWVfkpcGpgbNZuACRoAhenBjMsKM9AwN9AwDjZQdnKBRwcEgzaDEoAEMb3MGBwYPhgCGUKC9Uxl2MxxhOMokxmTD5MzkClHKxAjVI8yAApj8 AIcsnFw=</latexit><latexit sha1_base64="KxJGW88ITIcYEaHj0uTjKvZguTA=">AAAClHicSyrIySwuMTC4ycjEzMLKxs7BycXNw 8vHLyAoFFacX1qUnBqanJ+TXxSRlFicmpOZlxpaklmSkxpRUJSamJuUkxqelO0Mkg8vSy0qzszPCympLEiNzU1Mz8tMy0xOLAEKxQvoxySlpmfmVacW5iUWFSVWatVyGcZXxxTlKmTUxlXr1nLFpOalIMnGCygb6BmAgQImwxDKUGaAgo B8geUMMQwpDPkMyQylDLkMqQx5DCVAdg5DIkMxEEYzGDIYMBQAxWIZqoFiRUBWJlg+laGWgQuotxSoKhWoIhEomg0k04G8aKhoHpAPMrMYrDsZaEsOEBcBdSowqBpcNVhp8NnghMFqg5cGf3CaVQ02A+SWSiCdBNGbWhDP3yUR/J2grlw gXcKQgdCF180lDGkMFmC3ZgLdXgAWAfkiGaK/rGr652CrINVqNYNFBq+B7l9ocNPgMNAHeWVfkpcGpgbNZuACRoAhenBjMsKM9AwN9AwDjZQdnKBRwcEgzaDEoAEMb3MGBwYPhgCGUKC9Uxl2MxxhOMokxmTD5MzkClHKxAjVI8yAApj8 AIcsnFw=</latexit><latexit sha1_base64="KxJGW88ITIcYEaHj0uTjKvZguTA=">AAAClHicSyrIySwuMTC4ycjEzMLKxs7BycXNw 8vHLyAoFFacX1qUnBqanJ+TXxSRlFicmpOZlxpaklmSkxpRUJSamJuUkxqelO0Mkg8vSy0qzszPCympLEiNzU1Mz8tMy0xOLAEKxQvoxySlpmfmVacW5iUWFSVWatVyGcZXxxTlKmTUxlXr1nLFpOalIMnGCygb6BmAgQImwxDKUGaAgo B8geUMMQwpDPkMyQylDLkMqQx5DCVAdg5DIkMxEEYzGDIYMBQAxWIZqoFiRUBWJlg+laGWgQuotxSoKhWoIhEomg0k04G8aKhoHpAPMrMYrDsZaEsOEBcBdSowqBpcNVhp8NnghMFqg5cGf3CaVQ02A+SWSiCdBNGbWhDP3yUR/J2grlw gXcKQgdCF180lDGkMFmC3ZgLdXgAWAfkiGaK/rGr652CrINVqNYNFBq+B7l9ocNPgMNAHeWVfkpcGpgbNZuACRoAhenBjMsKM9AwN9AwDjZQdnKBRwcEgzaDEoAEMb3MGBwYPhgCGUKC9Uxl2MxxhOMokxmTD5MzkClHKxAjVI8yAApj8 AIcsnFw=</latexit><latexit sha1_base64="KxJGW88ITIcYEaHj0uTjKvZguTA=">AAAClHicSyrIySwuMTC4ycjEzMLKxs7BycXNw 8vHLyAoFFacX1qUnBqanJ+TXxSRlFicmpOZlxpaklmSkxpRUJSamJuUkxqelO0Mkg8vSy0qzszPCympLEiNzU1Mz8tMy0xOLAEKxQvoxySlpmfmVacW5iUWFSVWatVyGcZXxxTlKmTUxlXr1nLFpOalIMnGCygb6BmAgQImwxDKUGaAgo B8geUMMQwpDPkMyQylDLkMqQx5DCVAdg5DIkMxEEYzGDIYMBQAxWIZqoFiRUBWJlg+laGWgQuotxSoKhWoIhEomg0k04G8aKhoHpAPMrMYrDsZaEsOEBcBdSowqBpcNVhp8NnghMFqg5cGf3CaVQ02A+SWSiCdBNGbWhDP3yUR/J2grlw gXcKQgdCF180lDGkMFmC3ZgLdXgAWAfkiGaK/rGr652CrINVqNYNFBq+B7l9ocNPgMNAHeWVfkpcGpgbNZuACRoAhenBjMsKM9AwN9AwDjZQdnKBRwcEgzaDEoAEMb3MGBwYPhgCGUKC9Uxl2MxxhOMokxmTD5MzkClHKxAjVI8yAApj8 AIcsnFw=</latexit>
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<latexit sha1_base64="gMZki3g0x3aOEDbgckHUgvBoyuQ=">AAACmnichVHPaxNBFP66Wq3R2qgXQQ/BECk9h LcFUTyVCqJ46a+0hSSE2e1rOnR3dp3dBOLSf8B/wENPCiLiXyFepD330D+heKzgxYMvm4WqQfuWnfnme+97882MFwc6SYmOJ5wLFycvXZ66Urp6bfr6TPnGzfUk6lmfG34URHbTUwkH2nAj1WnAm7FlFXoBb3i7T4b5jT7bREdmLR3E3A 5V1+ht7atUqE75QcvjrjYZvzTKWjWY2yu1+spynOhA8lnLhpWnwrHZ+q2mU65SnfKojAO3AFUUsRSVP6CFLUTw0UMIhkEqOIBCIl8TLgixcG1kwllBOs8z9lASbU+qWCqUsLsydmXVLFgj62HPJFf7sksgvxVlBTU6oo90Sl/pE53Qz3/ 2yvIeQy8Dmb2RluPOzOvbqz/OVYUyp9g5U/3Xc4ptPMq9avEe58zwFP5I33/15nT18Uotu0/v6Jv4f0vH9EVOYPrf/ffLvLKPkjyA+/d1j4P1+bpLdXd5vrqwWDzFFO7gHmblvh9iAc+whIbsu4/POMChc9dZdJ47L0alzkShuYU/wln7 BX2qn2E=</latexit><latexit sha1_base64="gMZki3g0x3aOEDbgckHUgvBoyuQ=">AAACmnichVHPaxNBFP66Wq3R2qgXQQ/BECk9h LcFUTyVCqJ46a+0hSSE2e1rOnR3dp3dBOLSf8B/wENPCiLiXyFepD330D+heKzgxYMvm4WqQfuWnfnme+97882MFwc6SYmOJ5wLFycvXZ66Urp6bfr6TPnGzfUk6lmfG34URHbTUwkH2nAj1WnAm7FlFXoBb3i7T4b5jT7bREdmLR3E3A 5V1+ht7atUqE75QcvjrjYZvzTKWjWY2yu1+spynOhA8lnLhpWnwrHZ+q2mU65SnfKojAO3AFUUsRSVP6CFLUTw0UMIhkEqOIBCIl8TLgixcG1kwllBOs8z9lASbU+qWCqUsLsydmXVLFgj62HPJFf7sksgvxVlBTU6oo90Sl/pE53Qz3/ 2yvIeQy8Dmb2RluPOzOvbqz/OVYUyp9g5U/3Xc4ptPMq9avEe58zwFP5I33/15nT18Uotu0/v6Jv4f0vH9EVOYPrf/ffLvLKPkjyA+/d1j4P1+bpLdXd5vrqwWDzFFO7gHmblvh9iAc+whIbsu4/POMChc9dZdJ47L0alzkShuYU/wln7 BX2qn2E=</latexit><latexit sha1_base64="gMZki3g0x3aOEDbgckHUgvBoyuQ=">AAACmnichVHPaxNBFP66Wq3R2qgXQQ/BECk9h LcFUTyVCqJ46a+0hSSE2e1rOnR3dp3dBOLSf8B/wENPCiLiXyFepD330D+heKzgxYMvm4WqQfuWnfnme+97882MFwc6SYmOJ5wLFycvXZ66Urp6bfr6TPnGzfUk6lmfG34URHbTUwkH2nAj1WnAm7FlFXoBb3i7T4b5jT7bREdmLR3E3A 5V1+ht7atUqE75QcvjrjYZvzTKWjWY2yu1+spynOhA8lnLhpWnwrHZ+q2mU65SnfKojAO3AFUUsRSVP6CFLUTw0UMIhkEqOIBCIl8TLgixcG1kwllBOs8z9lASbU+qWCqUsLsydmXVLFgj62HPJFf7sksgvxVlBTU6oo90Sl/pE53Qz3/ 2yvIeQy8Dmb2RluPOzOvbqz/OVYUyp9g5U/3Xc4ptPMq9avEe58zwFP5I33/15nT18Uotu0/v6Jv4f0vH9EVOYPrf/ffLvLKPkjyA+/d1j4P1+bpLdXd5vrqwWDzFFO7gHmblvh9iAc+whIbsu4/POMChc9dZdJ47L0alzkShuYU/wln7 BX2qn2E=</latexit><latexit sha1_base64="gMZki3g0x3aOEDbgckHUgvBoyuQ=">AAACmnichVHPaxNBFP66Wq3R2qgXQQ/BECk9h LcFUTyVCqJ46a+0hSSE2e1rOnR3dp3dBOLSf8B/wENPCiLiXyFepD330D+heKzgxYMvm4WqQfuWnfnme+97882MFwc6SYmOJ5wLFycvXZ66Urp6bfr6TPnGzfUk6lmfG34URHbTUwkH2nAj1WnAm7FlFXoBb3i7T4b5jT7bREdmLR3E3A 5V1+ht7atUqE75QcvjrjYZvzTKWjWY2yu1+spynOhA8lnLhpWnwrHZ+q2mU65SnfKojAO3AFUUsRSVP6CFLUTw0UMIhkEqOIBCIl8TLgixcG1kwllBOs8z9lASbU+qWCqUsLsydmXVLFgj62HPJFf7sksgvxVlBTU6oo90Sl/pE53Qz3/ 2yvIeQy8Dmb2RluPOzOvbqz/OVYUyp9g5U/3Xc4ptPMq9avEe58zwFP5I33/15nT18Uotu0/v6Jv4f0vH9EVOYPrf/ffLvLKPkjyA+/d1j4P1+bpLdXd5vrqwWDzFFO7gHmblvh9iAc+whIbsu4/POMChc9dZdJ47L0alzkShuYU/wln7 BX2qn2E=</latexit>
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<latexit sha1_base64="KrsrvfCDQ+G7DoUgdd7HX Oh1hcU=">AAACiHichVG7SgNBFD2ur7i+ojaCjRgUsQh3bXxUoo2lr6hgRHbXMQ7ZzK67m0AM+QD9AQsrBRG xsNXaxh+w8BPEUsHGwpvNgi/UO8zMmTP33DkzY3mODEKihwatsam5pTXRprd3dHZ1J3t6VwO36NsiY7uO669b ZiAcqUQmlKEj1j1fmAXLEWtWfq62v1YSfiBdtRKWPbFZMHNK7kjbDJnaSqaylshJVRF7yvR9szxW1UnPCrX9 ieEsSlMUgz+BEYMU4lhwk+fIYhsubBRRgIBCyNiBiYDbBgwQPOY2UWHOZySjfYEqdNYWOUtwhslsnsccrzZiV vG6VjOI1Daf4nD3WTmIYbqnC3qmO7qkR3r7tVYlqlHzUubZqmuFt9V92L/8+q+qwHOI3Q/Vn55D7GAy8irZu xcxtVvYdX1p/+h5eXppuDJCp/TE/k/ogW75Bqr0Yp8tiqVj6PwBxvfn/glWx9MGpY3F8dTMbPwVCQxgCKP83h OYwTwWkOFzD3CFa9xoukbahDZVT9UaYk0fvoQ2+w7LwZdG</latexit>
<latexit sha1_base64="SSj6J9ONDpaWNYBF1vsXJ fwA3Ac=">AAACiHichVHLLgRBFD3aa7TXYCOxERMiFpPbEvFYTdhYeg0SI9LdyqjoqW7dPZOMiQ/gByysSET Ewpa1jR+w8AliSWJj4U5PJ17BrVTVqVP33DpVZXmODEKihzqtvqGxqTnRore2tXd0Jru6lwO36Nsia7uO669a ZiAcqUQ2lKEjVj1fmAXLESvWzkx1f6Uk/EC6aikse2K9YOaV3JK2GTK1kUzlLJGXqiJ2len7ZnlkXx/Tc0Jt fmI4i9IURf9PYMQghTjm3OQ5ctiECxtFFCCgEDJ2YCLgtgYDBI+5dVSY8xnJaF9gHzpri5wlOMNkdofHPK/WY lbxuloziNQ2n+Jw91nZj0G6pwt6pju6pEd6+7VWJapR9VLm2apphbfRedi7+PqvqsBziO0P1Z+eQ2xhIvIq2 bsXMdVb2DV9ae/oeXFqYbAyRKf0xP5P6IFu+Qaq9GKfzYuFY+j8Acb35/4JlkfTBqWN+dFUZjr+igT6MIBhfu 9xZDCLOWT53ANc4Ro3mq6RNq5N1lK1uljTgy+hTb8D1hGXSw==</latexit> <latexit sha1_base64="zKDmNlWk75ETHjBQvzs8JKauOOw=">AAACiXichVG7SgNBFD2u7/UVtRFsxKiIR bhro1gFbSx9RQUjYXcd45DN7Lq7CcSQH/AHLKwURMTGVlsbf8DCTxBLBRsLbzYLvlDvMDNnztxz58yM5TkyCIkemrTmlta29o5Ovau7p7cv0T+wHrgl3xYZ23Vcf9MyA+FIJTKhDB2x6fnCLFqO2LAKC/X9jbLwA+mqtbDiie 2imVdyV9pmyFQuMZa1RF6qqthXpu+blamabpCeFWrnE5VLJClFUYz8BEYMkohjyU2cI4sduLBRQhECCiFjByYCblswQPCY20aVOZ+RjPYFatBZW+IswRkmswUe87zailnF63rNIFLbfIrD3WflCMbpni7ome7okh7p7dda1ah G3UuFZ6uhFV6u73Bo9fVfVZHnEHsfqj89h9jFbORVsncvYuq3sBv68sHR8+rcynh1gk7pif2f0APd8g1U+cU+WxYrx9D5A4zvz/0TrE+nDEoZy9PJ9Hz8FR0Yxigm+b1nkMYilpDhcw9xhWvcaF2aoc1qc41UrSnWDOJLaAvv XcSXgQ==</latexit>
<latexit sha1_base64="iqL543BLEk+iJr82xF3+Etcxs9U=">AAACiXichVG7SgNBFD2u7/UVtRFsxKiIR bgriJIqaGPpKyoYCbvrGAc3s+vuJhCDP+APWFgpiIiNrbY2/oCFnyCWCjYW3mwWfKHeYWbOnLnnzpkZy3NkEBI9NGiNTc0trW3tekdnV3dPordvNXBLvi2ytuu4/rplBsKRSmRDGTpi3fOFWbQcsWbtztX218rCD6SrVsKKJz aLZkHJbWmbIVP5xEjOEgWpqmJPmb5vViYOdGNKzwm19YnKJ5KUoiiGfgIjBknEseAmzpHDFlzYKKEIAYWQsQMTAbcNGCB4zG2iypzPSEb7AgfQWVviLMEZJrO7PBZ4tRGzite1mkGktvkUh7vPyiGM0j1d0DPd0SU90tuvtap RjZqXCs9WXSu8fM/hwPLrv6oizyF2PlR/eg6xjZnIq2TvXsTUbmHX9eX9o+fl9NJodYxO6Yn9n9AD3fINVPnFPlsUS8fQ+QOM78/9E6xOpgxKGYuTycxs/BVtGMQwxvm9p5HBPBaQ5XMPcYVr3GgdmqHNaOl6qtYQa/rxJbS5 d2gUl4Y=</latexit>
<latexit sha1_base64="VrtZqB4uRduVatcyfTFH3shYH7o=">AAACiXichVG7SgNBFD2u7/UVtRFsxKiIR bibRrEK2lj6igpGwu46xsHN7Lq7CcSQH/AHLKwURMTGVlsbf8DCTxBLBRsLbzYLvlDvMDNnztxz58yM5TkyCIkemrTmlta29o5Ovau7p7cv0T+wFrgl3xZZ23Vcf8MyA+FIJbKhDB2x4fnCLFqOWLf25uv762XhB9JVq2HFE1 tFs6DkjrTNkKl8YixniYJUVbGvTN83K1M1PU16TqjtT1Q+kaQURTHyExgxSCKORTdxjhy24cJGCUUIKISMHZgIuG3CAMFjbgtV5nxGMtoXqEFnbYmzBGeYzO7xWODVZswqXtdrBpHa5lMc7j4rRzBO93RBz3RHl/RIb7/WqkY 16l4qPFsNrfDyfYdDK6//qoo8h9j9UP3pOcQOZiKvkr17EVO/hd3Qlw+Onldml8erE3RKT+z/hB7olm+gyi/22ZJYPobOH2B8f+6fYC2dMihlLKWTmbn4KzowjFFM8ntPI4MFLCLL5x7iCte40bo0Q5vRZhupWlOsGcSX0Obf AV/Vl4I=</latexit>
<latexit sha1_base64="6ieh2ue4kJC8HYo0XVEbGqJXuCo=">AAACiXichVG7SgNBFD2u7/UVtRFsxKiIR bgbEMVKtLH0FRWMhN11jEM2s+vuJhCDP+APWFgpiIiNrbY2/oCFnyCWCjYW3mwWfKHeYWbOnLnnzpkZy3NkEBI9NGiNTc0trW3tekdnV3dPordvLXBLvi0ytuu4/oZlBsKRSmRCGTpiw/OFWbQcsW4V5mv762XhB9JVq2HFE1 tFM6/kjrTNkKlcYiRribxUVbGnTN83KxMHenpSzwq1/YnKJZKUoiiGfgIjBknEsegmzpHFNlzYKKEIAYWQsQMTAbdNGCB4zG2hypzPSEb7AgfQWVviLMEZJrMFHvO82oxZxetazSBS23yKw91n5RBG6Z4u6Jnu6JIe6e3XWtW oRs1LhWerrhVerudwYOX1X1WR5xC7H6o/PYfYwXTkVbJ3L2Jqt7Dr+vL+0fPKzPJodYxO6Yn9n9AD3fINVPnFPlsSy8fQ+QOM78/9E6ylUwaljKV0cnYu/oo2DGIY4/zeU5jFAhaR4XMPcYVr3GgdmqFNazP1VK0h1vTjS2jz 72oll4c=</latexit>
<latexit sha1_base64="iOf/9W0O0b3tLiJs9V0PunMN3dk=">AAACiXichVHLLgRBFD3au70GG4mNGEQsJ rdZkFlN2Fh6DRIjk+5WRkVPdevumWRM/IAfsLAiEREbW7Y2fsDCJ4gliY2FOz2deAW3UlWnTt1z61SV5TkyCIkeGrTGpuaW1rZ2vaOzq7sn0du3Grgl3xZZ23Vcf90yA+FIJbKhDB2x7vnCLFqOWLN252r7a2XhB9JVK2HFE5 tFs6DktrTNkKl8YiRniYJUVbGnTN83KxMH+hTpOaG2PlH5RJJSFMXQT2DEIIk4FtzEOXLYggsbJRQhoBAydmAi4LYBAwSPuU1UmfMZyWhf4AA6a0ucJTjDZHaXxwKvNmJW8bpWM4jUNp/icPdZOYRRuqcLeqY7uqRHevu1VjW qUfNS4dmqa4WX7zkcWH79V1XkOcTOh+pPzyG2MRN5lezdi5jaLey6vrx/9LycXhqtjtEpPbH/E3qgW76BKr/YZ4ti6Rg6f4Dx/bl/gtXJlEEpY3EymZmNv6INgxjGOL/3NDKYxwKyfO4hrnCNG61DM7QZLV1P1RpiTT++hDb3 DmHml4M=</latexit>
<latexit sha1_base64="KrsrvfCDQ+G7DoUgdd7HX Oh1hcU=">AAACiHichVG7SgNBFD2ur7i+ojaCjRgUsQh3bXxUoo2lr6hgRHbXMQ7ZzK67m0AM+QD9AQsrBRG xsNXaxh+w8BPEUsHGwpvNgi/UO8zMmTP33DkzY3mODEKihwatsam5pTXRprd3dHZ1J3t6VwO36NsiY7uO669b ZiAcqUQmlKEj1j1fmAXLEWtWfq62v1YSfiBdtRKWPbFZMHNK7kjbDJnaSqaylshJVRF7yvR9szxW1UnPCrX9 ieEsSlMUgz+BEYMU4lhwk+fIYhsubBRRgIBCyNiBiYDbBgwQPOY2UWHOZySjfYEqdNYWOUtwhslsnsccrzZiV vG6VjOI1Daf4nD3WTmIYbqnC3qmO7qkR3r7tVYlqlHzUubZqmuFt9V92L/8+q+qwHOI3Q/Vn55D7GAy8irZu xcxtVvYdX1p/+h5eXppuDJCp/TE/k/ogW75Bqr0Yp8tiqVj6PwBxvfn/glWx9MGpY3F8dTMbPwVCQxgCKP83h OYwTwWkOFzD3CFa9xoukbahDZVT9UaYk0fvoQ2+w7LwZdG</latexit>
<latexit sha1_base64="XbuXJJWu7ikqPwEFkOPwO cxT+ms=">AAACiHichVHLLgRBFD3aa7TXYCOxERMiFpPbIvFYTdhYeg0SI9LdyqjoqW7dPZOMiQ/gByysSET Ewpa1jR+w8AliSWJj4U5PJ17BrVTVqVP33DpVZXmODEKihzqtvqGxqTnRore2tXd0Jru6lwO36Nsia7uO669a ZiAcqUQ2lKEjVj1fmAXLESvWzkx1f6Uk/EC6aikse2K9YOaV3JK2GTK1kUzlLJGXqiJ2len7ZnlkXx/Tc0Jt fmI4i9IURf9PYMQghTjm3OQ5ctiECxtFFCCgEDJ2YCLgtgYDBI+5dVSY8xnJaF9gHzpri5wlOMNkdofHPK/WY lbxuloziNQ2n+Jw91nZj0G6pwt6pju6pEd6+7VWJapR9VLm2apphbfRedi7+PqvqsBziO0P1Z+eQ2xhIvIq2 bsXMdVb2DV9ae/oeXFqYbAyRKf0xP5P6IFu+Qaq9GKfzYuFY+j8Acb35/4JlkfTBqWN+dFUZjr+igT6MIBhfu 9xZDCLOWT53ANc4Ro3mq6RNq5N1lK1uljTgy+hTb8D1AGXSg==</latexit>
<latexit sha1_base64="Mn189qAxoDQEeEQRNDRYA 9rcwk8=">AAACiHichVG7SgNBFD2ur7i+ojaCjRgUsQh3bXxUQRtLX1HBiOyuYxyymV13N4EY/AD9AQsrBRG xsNXaxh+w8BPEUsHGwpvNgi/UO8zMmTP33DkzY3mODEKihwatsam5pTXRprd3dHZ1J3t6VwK35Nsia7uO669Z ZiAcqUQ2lKEj1jxfmEXLEatWYba2v1oWfiBdtRxWPLFRNPNKbkvbDJnaTKZylshLVRW7yvR9szK2r0/qOaG2 PjGcRWmKYvAnMGKQQhzzbvIcOWzBhY0SihBQCBk7MBFwW4cBgsfcBqrM+YxktC+wD521Jc4SnGEyW+Axz6v1m FW8rtUMIrXNpzjcfVYOYpju6YKe6Y4u6ZHefq1VjWrUvFR4tupa4W12H/Yvvf6rKvIcYudD9afnENuYjLxK9 u5FTO0Wdl1f3jt6XppeHK6O0Ck9sf8TeqBbvoEqv9hnC2LxGDp/gPH9uX+ClfG0QWljYTyVmYm/IoEBDGGU33 sCGcxhHlk+9wBXuMaNpmukTWhT9VStIdb04UtoM+/cQZdO</latexit>
<latexit sha1_base64="b1calaKtKsrBDQYq34jLG V9z9EA=">AAACiXichVG7SgNBFD2u7/UVtRFsxKiIRbibRrEK2lj6igpGwu46xsHN7Lq7CcSQH/AHLKwURMT GVlsbf8DCTxBLBRsLbzYLvlDvMDNnztxz58yM5TkyCIkemrTmlta29o5Ovau7p7cv0T+wFrgl3xZZ23Vcf8My A+FIJbKhDB2x4fnCLFqOWLf25uv762XhB9JVq2HFE1tFs6DkjrTNkKl8YixniYJUVbGvTN83K1M13UjrOaG2 P1H5RJJSFMXIT2DEIIk4Ft3EOXLYhgsbJRQhoBAydmAi4LYJAwSPuS1UmfMZyWhfoAadtSXOEpxhMrvHY4FXm zGreF2vGURqm09xuPusHME43dMFPdMdXdIjvf1aqxrVqHup8Gw1tMLL9x0Orbz+qyryHGL3Q/Wn5xA7mIm8S vbuRUz9FnZDXz44el6ZXR6vTtApPbH/E3qgW76BKr/YZ0ti+Rg6f4Dx/bl/grV0yqCUsZROZubir+jAMEYxye 89jQwWsIgsn3uIK1zjRuvSDG1Gm22kak2xZhBfQpt/B2Hkl4M=</latexit>
<latexit sha1_base64="zKDmNlWk75ETHjBQvzs8J KauOOw=">AAACiXichVG7SgNBFD2u7/UVtRFsxKiIRbhro1gFbSx9RQUjYXcd45DN7Lq7CcSQH/AHLKwURMT GVlsbf8DCTxBLBRsLbzYLvlDvMDNnztxz58yM5TkyCIkemrTmlta29o5Ovau7p7cv0T+wHrgl3xYZ23Vcf9My A+FIJTKhDB2x6fnCLFqO2LAKC/X9jbLwA+mqtbDiie2imVdyV9pmyFQuMZa1RF6qqthXpu+blamabpCeFWrn E5VLJClFUYz8BEYMkohjyU2cI4sduLBRQhECCiFjByYCblswQPCY20aVOZ+RjPYFatBZW+IswRkmswUe87zai lnF63rNIFLbfIrD3WflCMbpni7ome7okh7p7dda1ahG3UuFZ6uhFV6u73Bo9fVfVZHnEHsfqj89h9jFbORVs ncvYuq3sBv68sHR8+rcynh1gk7pif2f0APd8g1U+cU+WxYrx9D5A4zvz/0TrE+nDEoZy9PJ9Hz8FR0Yxigm+b 1nkMYilpDhcw9xhWvcaF2aoc1qc41UrSnWDOJLaAvvXcSXgQ==</latexit>
<latexit sha1_base64="SIURbHZmm3lcmY++OCInc NACwpQ=">AAACiHichVHLLgRBFD3aa7TXYCOxERMiFpPbFl6rCRtLr0FiRLpbGRU91a27Z5Ix8QH8gIUViYh Y2LK28QMWPkEsSWws3OnpxCu4lao6deqeW6eqLM+RQUj0UKfVNzQ2NSda9Na29o7OZFf3cuAWfVtkbddx/VXL DIQjlciGMnTEqucLs2A5YsXamanur5SEH0hXLYVlT6wXzLySW9I2Q6Y2kqmcJfJSVcSuMn3fLI/s62N6TqjN TwxnUZqi6P8JjBikEMecmzxHDptwYaOIAgQUQsYOTATc1mCA4DG3jgpzPiMZ7QvsQ2dtkbMEZ5jM7vCY59Vaz CpeV2sGkdrmUxzuPiv7MUj3dEHPdEeX9Ehvv9aqRDWqXso8WzWt8DY6D3sXX/9VFXgOsf2h+tNziC1MRF4le /cipnoLu6Yv7R09L04tDFaG6JSe2P8JPdAt30CVXuyzebFwDJ0/wPj+3D/B8mjaoLQxP5rKTMdfkUAfBjDM7z 2ODGYxhyyfe4ArXONG0zXSxrXJWqpWF2t68CW06XfYIZdM</latexit>
<latexit sha1_base64="CDNUpy5T+TpgayEcmJwl7 zpF3/w=">AAACiHichVG7SgNBFD2u7/UVtRFsxKCIRbibxkclsbH0FRWMyO46xsHN7Lq7CcTgB+gPWFgpiIi FrdY2/oBFPkEsFWwsvNks+EK9w8ycOXPPnTMzlufIICSqNmiNTc0trW3tekdnV3dPordvJXCLvi2ytuu4/ppl BsKRSmRDGTpizfOFWbAcsWrtztb2V0vCD6SrlsOyJzYKZl7JbWmbIVObiWTOEnmpKmJPmb5vlscP9LSeE2rr E8NZlKIohn4CIwZJxDHvJi6QwxZc2CiiAAGFkLEDEwG3dRggeMxtoMKcz0hG+wIH0Flb5CzBGSazuzzmebUes 4rXtZpBpLb5FIe7z8ohjNADXdIz3dMVPdLbr7UqUY2alzLPVl0rvM2eo4Gl139VBZ5D7Hyo/vQcYhuTkVfJ3 r2Iqd3CrutL+8fPS9OLI5VROqMn9n9KVbrjG6jSi32+IBZPoPMHGN+f+ydYSacMShkL6eRMJv6KNgxiGGP83h OYwRzmkeVzD3GNG9xqukbahDZVT9UaYk0/voSWeQfP4ZdI</latexit>
<latexit sha1_base64="//ploWX5z/WHVVlKvqySw3R4qfI=">AAACkXicSyrIySwuMTC4ycjEzMLKxs7By cXNw8vHLyAoFFacX1qUnBqanJ+TXxSRlFicmpOZlxpaklmSkxpRUJSamJuUkxqelO0Mkg8vSy0qzszPCympLEiNzU1Mz8tMy0xOLAEKxQvoxCSlpmfmVacW5iUWFSVWatVyOVXHFOUqaIRo1nLFpOalIEnFCygb6BmAgQImwx DKUGaAgoB8geUMMQwpDPkMyQylDLkMqQx5DCVAdg5DIkMxEEYzGDIYMBQAxWIZqoFiRUBWJlg+laGWgQuotxSoKhWoIhEomg0k04G8aKhoHpAPMrMYrDsZaEsOEBcBdSowqBpcNVhp8NnghMFqg5cGf3CaVQ02A+SWSiCdBNG bWhDP3yUR/J2grlwgXcKQgdCF180lDGkMFmC3ZgLdXgAWAfkiGaK/rGr652CrINVqNYNFBq+B7l9ocNPgMNAHeWVfkpcGpgbNZuACRoAhenBjMsKM9AwN9AwDjZQdXKFRwcEgzaDEoAEMb3MGBwYPhgCGUKC9kxh2MBxkOMQk zGTJ5MDkBFHKxAjVI8yAApi8AbOXmq0=</latexit>
<latexit sha1_base64="+DivowOjq4m00Hko3DZs/u cOzVw=">AAACiXichVG7SgNBFD2u7/UVtRFsxKiIRbgrgpIqaGPpKyoYCbvrGAc3s+vuJhCDP+APWFgpiIiNrb Y2/oCFnyCWCjYW3mwWfKHeYWbOnLnnzpkZy3NkEBI9NGiNTc0trW3tekdnV3dPordvNXBLvi2ytuu4/rplBsKRS mRDGTpi3fOFWbQcsWbtztX218rCD6SrVsKKJzaLZkHJbWmbIVP5xEjOEgWpqmJPmb5vViYOdGNKzwm19YnKJ5KU oiiGfgIjBknEseAmzpHDFlzYKKEIAYWQsQMTAbcNGCB4zG2iypzPSEb7AgfQWVviLMEZJrO7PBZ4tRGzite1mk GktvkUh7vPyiGM0j1d0DPd0SU90tuvtapRjZqXCs9WXSu8fM/hwPLrv6oizyF2PlR/eg6xjZnIq2TvXsTUbmHX9 eX9o+fl9NJodYxO6Yn9n9AD3fINVPnFPlsUS8fQ+QOM78/9E6xOpgxKGYuTycxs/BVtGMQwxvm9p5HBPBaQ5XM PcYVr3GgdmqHNaOl6qtYQa/rxJbS5d2YEl4U=</latexit>
<latexit sha1_base64="V5johmN+INQZ17ZCegj162UORdE="></latexit>
<latexit sha1_base64="NPm+K7NT8Y10lAdrlMHDF9B5CFM=">AAACmHichVFNTxRBEH0MCDgKLHoxetmwwRBCN jXLQeJpE0nUGywukLBkMzMUS4eZnrFndpNlwx/wDxjiSRNjjD/Cgxf4AR74CcYjJF48WDM7iR9ErclUv35dr/p1txcHKkmJzkes0bFr4xOT1+0bN6emZ0qztzaTqGt8bvpREJltz004UJqbqUoD3o4Nu6EX8JZ3+Chb3+qxSVSkn6X9mH dDt6PVvvLdVKh2abnlcUfpAT/XrjFuf/HYbpmwzG1nSVItS8t2i/XeLxXtUoWqlEf5KnAKUEERa1HpHVrYQwQfXYRgaKSCA7hI5NuBA0Is3C4GwhlBKl9nHMMWbVeqWCpcYQ8ld2S2U7Ba5lnPJFf7sksgvxFlGfP0md7TBZ3SB/pC3// aa5D3yLz0ZfSGWo7bMy/ubHz7ryqUMcXBT9U/PafYx0ruVYn3OGeyU/hDfe/o5cXGw8b84D69oa/i/zWd0yc5ge5d+m/XufEKtjyA8+d1XwWbtapDVWe9VqmvFk8xiXuYw4Lc9wPU8QRraMq+J/iIU5xZd6269dh6Oiy1RgrNbfwWVuMH VwmcjQ==</latexit>
<latexit sha1_base64="02nn3eCrhrpZM/ObHP07xOTY4UY=">AAACjHicSyrIySwuMTC4ycjEzMLKxs7BycXNw 8vHLyAoFFacX1qUnBqanJ+TXxSRlFicmpOZlxpaklmSkxpRUJSamJuUkxqelO0Mkg8vSy0qzszPCympLEiNzU1Mz8tMy0xOLAEKxQuoxySlpmfmVacW5iUWFSVWatVyxRTlKmRwxaTmpSCJxgsoG+gZgIECJsMQylBmgIKAfIHlDDEMKQ z5DMkMpQy5DKkMeQwlQHYOQyJDMRBGMxgyGDAUAMViGaqBYkVAViZYPpWhloELqLcUqCoVqCIRKJoNJNOBvGioaB6QDzKzGKw7GWhLDhAXAXUqMKgaXDVYafDZ4ITBaoOXBn9wmlUNNgPklkognQTRm1oQz98lEfydoK5cIF3CkIHQhdf NJQxpDBZgt2YC3V4AFgH5Ihmiv6xq+udgqyDVajWDRQavge5faHDT4DDQB3llX5KXBqYGzWbgAkaAIXpwYzLCjPQMDfQMA42UHVygUcHBIM2gxKABDG9zBgcGD4YAhlCgvb0Mmxn2MOxl4mMyYbJmsoUoZWKE6hFmQAFMbgDCX5kD</la texit>
(b)
QL
ਤ 5.4: ϏεϚεͷΤωϧΪʔͱΩϟϦΞີ౓ͷ࣓৔ґଘੑɿʢaʣΤωϧΪʔʢbʣΩϟϦ
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<latexit sha1_base64="cuqqVZCp7OWUxy6oJVP8eJQxM5M="></latexit>
<latexit sha1_base64="//ploWX5z/WHVVlKvqySw3R4qfI=">AAACkXicSyrIySwuMTC4ycjEzMLKxs7BycX Nw8vHLyAoFFacX1qUnBqanJ+TXxSRlFicmpOZlxpaklmSkxpRUJSamJuUkxqelO0Mkg8vSy0qzszPCympLEiNzU1Mz8tMy0xOLAEKxQvoxCSlpmfmVacW5iUWFSVWatVyOVXHFOUqaIRo1nLFpOalIEnFCygb6BmAgQImwxDKUGaA goB8geUMMQwpDPkMyQylDLkMqQx5DCVAdg5DIkMxEEYzGDIYMBQAxWIZqoFiRUBWJlg+laGWgQuotxSoKhWoIhEomg0k04G8aKhoHpAPMrMYrDsZaEsOEBcBdSowqBpcNVhp8NnghMFqg5cGf3CaVQ02A+SWSiCdBNGbWhDP3yUR /J2grlwgXcKQgdCF180lDGkMFmC3ZgLdXgAWAfkiGaK/rGr652CrINVqNYNFBq+B7l9ocNPgMNAHeWVfkpcGpgbNZuACRoAhenBjMsKM9AwN9AwDjZQdXKFRwcEgzaDEoAEMb3MGBwYPhgCGUKC9kxh2MBxkOMQkzGTJ5MDkBFHKx AjVI8yAApi8AbOXmq0=</latexit>
<latexit sha1_base64="F9iW9IqRPDDMfzXmjqH3kl+rUTY=">AAACmnichVFBSxtBGH2utWqqNdqLYA+hwVJ aCN8KoniSlkLFi1GjgrFhdx2TIbuz6+wmmC75A/0DPXhSKEX6K0ovRc89+BOKR4VeevDLZsGqqN8wM2/efO+bNzN24MowIjrtMXof9T3uHxjMPBkafjqSHR1bC/2GdkTJ8V1fb9hWKFypRCmSkSs2Ai0sz3bFul1/19lfbwodSl+t Rq1AbHlWVckd6VgRU5XsdNkWValisassra3W63amrGt+Jd7ba3+My9rLFd8UmRNq+7+cSjZPBUoidxuYKcgjjSU/+w1lbMOHgwY8CChEjF1YCLltwgQhYG4LMXOakUz2BdrIsLbBWYIzLGbrPFZ5tZmyitedmmGidvgUl7tmZQ6T 9JuO6Jx+0Xf6Q//urBUnNTpeWjzbXa0IKiOfx1f+PqjyeI5Qu1Ld6znCDmYTr5K9BwnTuYXT1Tc/fTlfmVuejF/SIZ2x/wM6pZ98A9W8cL4WxfI+MvwB5s3nvg3WpgomFcziVH7+ffoVA5jAC7zi957BPD5gCSU+dx8/cIwT47nx1 lgwFrupRk+qeYZrYaxeAiHknzc=</latexit>
<latexit sha1_base64="PeVWfD0tSp37G0KqgJ831QUbW0M=">AAACmnichVFBSxtBGH1u1WpqNbUXQQ/BoBS F8G2gtHiStoKlF6NGBWPD7jrGIbuz29lNMF3yB/wDHjwpSCn9FaWX0p49+BOKRwUvHvyyWdBW2n7DzLx5871v3szYgSvDiOisx3jQ29f/cGAw82jo8fBI9snoWug3tCPKju/6esO2QuFKJcqRjFyxEWhhebYr1u36687+elPoUPpq NWoFYsuzakruSMeKmKpmn1dsUZMqFh+UpbXVmmlnKnrXr8Z7e+33cUV7uTezJeaE2r6TU83mqUBJ5O4DMwV5pLHkZz+hgm34cNCABwGFiLELCyG3TZggBMxtIWZOM5LJvkAbGdY2OEtwhsVsnccarzZTVvG6UzNM1A6f4nLXrMxh ik7pM13Qd/pCv+j6r7XipEbHS4tnu6sVQXVkf2zl6r8qj+cIu7eqf3qOsIOXiVfJ3oOE6dzC6eqbHw8uVuaWp+JpOqZz9n9EZ/SNb6Cal85JSSwfIsMfYP753PfBWrFgUsEsFfPzC+lXDGAck3jG7/0C81jEEsp87iG+4gd+GhPGK +Ot8a6bavSkmqf4LYzVGwbtnyo=</latexit>
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<latexit sha1_base64="/feLaHhvdc4HMFBhroYG4Ua i/+A=">AAAClXichVHLShxBFD124iMdH2OySCCbJoMiWYy33SiBgMQH7uJrVHBk6G7LsbC7ulPdMzBp5gf8ALPIS iFIyC9kFxLyA1n4CSFLA25ceKenwRea23TVqXPvuXWqyo18GSdEJ13Gg4fdPb19j8zH/QODQ4XhJ2txWNeeKHuhH+ oN14mFL5UoJzLxxUakhRO4vlh392ba+fWG0LEM1WrSjMRW4NSU3JGekzBVLVDFFTWpUvFeOVo7zVct8601Pm6lFR 1Yq1q2zIpQ21fS1UKRSpSFdRvYOSgij8WwcIwKthHCQx0BBBQSxj4cxPxtwgYhYm4LKXOakczyAi2YrK1zleAKh9k 9Hmu82sxZxet2zzhTe7yLz79mpYUR+k1f6JR+0Vf6Q+d39kqzHm0vTZ7djlZE1aH95ytn/1UFPCfYvVTd6znBDqYy r5K9RxnTPoXX0Tc+fDxdeb08ko7SEf1l/4d0Qt/5BKrxz/u8JJY/weQHsG9e922wNlGyqWQvTRSn5/Kn6MMLvMQY 3/ckprGARZR53wN8ww/8NJ4Zb4xZY75TanTlmqe4Fsa7C9Hnm/0=</latexit>
QL
ਤ 5.5: ϏεϚεʹ͓͚Δ ρD+Qxx ͱ ρ
Q+Q
xx ͷൺ ɿֱρ
D+Q
xx , ρ
Q+Q
xx ɿʢ࣮ઢʣρ
D+Q
xx ,ʢഁઢʣρ
Q+Q
xx ɽ
ρD+Qxx ͷܭࢉͰ͸ µ′ij = µij/λεF(B = 0)Λɼρ
Q+Q
xx ͷܭࢉͰ͸ µij Λ࢖༻ͨ͠ɽ
ͱ͔Βʢn(B) ∝ B1ʣɼρD+Qxx ͸ɼ࣍ͷ࣓৔ґଘੑΛ࣋ͭɼ
ρD+Qxx =
ν0
n(B)e
λεFκB
2
1 + λεFκ
∝ 1
B
B−1B2
1 +B−1
→ const. (B →∞) (5.14)
૬ର࿦ิਖ਼ͷͳ͍ρQ+Qxx Ͱܭࢉͨ͠ϏεϚεͷ࣓ؾ఍߅͸ɼલষͱಉ༷ρ
Q+Q
xx ∝ B2/n(B) =
B1ͱͳΔɽҎ্ΑΓɼϏεϚεͰ͸ิਖ਼ λεF = ∆/εFͷ༗ແͰɼྔࢠۃݶͷ࣓ؾ఍߅ʹ
ҧ͍͕ൃੜ͢Δ͜ͱ͕ɼຊݚڀͰ໌Β͔ͱͳͬͨɽ·ͨɼࣜ (5.14)͸ɼ൒ۚଐϏεϚεͷ
࣓ؾ఍߅͕ྔࢠۃݶͰ๞࿨͢Δ͜ͱ΋͍ࣔͯ͠Δ2ɽΑΓڧ࣓৔ྖҬͷ࣓ؾ఍߅Λܭࢉ͢
ΔͱɼB > 60TҎ্Ͱ͓Αͦ஋͕๞࿨͢Δ͜ͱ΋Θ͔ͬͨʢਤ 5.6ʣɽ࣮ݧͰ΋࣓ؾ఍߅
ͷ๞࿨͸؍ଌ͞Ε͍ͯΔʢਤ 5.7ʣ[11,17]ɽैདྷͷϘϧπϚϯཧ࿦ʹج͍ͮͨࣗ༝ిࢠ໛
ܕͷ࣓ؾ఍߅ ρQ+Qxx Ͱ͸ɼ࣓৔ʹґଘ͢ΔΩϟϦΞີ౓ʢn(B)ʣΛ༻͍ͯ΋қಈ౓͕ఆ਺
ͳΒ͹ɼ൒ۚଐϏεϚεͷ࣓ؾ఍߅͸๞࿨͠ͳ͍͸ͣͰ͋ΔɽϏεϚεͷ࣓ؾ఍߅͕๞࿨
͢ΔͨΊʹ͸ɼిՙதੑ৚݅ΛഁΔඞཁ͕͋Δʢn ̸= pʣɽ͔͠͠ɼλεF Λಋೖͨ͜͠ͱʹ
ΑΓɼిՙதੑ৚݅ʢn = pʣΛຬͨ͢৔߹Ͱ΋ɼϏεϚεͷ࣓ؾ఍߅͕๞࿨͢Δ;Δ·
͍Λఆੑతʹઆ໌Ͱ͖ͨɽ
ਤ 5.6ͷ஋͸ɼ࣮ݧͰଌఆ͞Ε͍ͯΔϏεϚεͷ࣓ؾ఍߅ [11]ʹൺ΂ͯɼ஋͕Ұܻ΋େ
͖͍ʢਤ 5.7ʣɽ͜Ε͸ɼܭࢉʹ༻͍ͨқಈ౓ͷ஋ʢද 5.3ʣ͕ɼB = 0.5Tͷଌఆ݁Ռ͔
2ैདྷͷཧ࿦Ͱ͸ɼిՙதੑ৚݅ n = pΛຬͨ͢൒ۚଐ͸ɼඇ๞࿨࣓ؾ఍߅Λࣔ͢ɽ
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ਤ 5.6: ௒ڧ࣓৔ʢB > 30Tʣͷ࣓ؾ఍߅ ρD+Qxx ɿB > 60TͰ࣓ؾ఍߅͕๞࿨͍ͯ͠Δ͜
ͱ͕Θ͔Δɽ
ද 5.4: ڧ࣓৔ʢB > 10TʣͰϑΟοςΟϯά͞Εͨిࢠ (e1)ͱਖ਼޸ (h)Λқಈ౓ µi, νi(୯
ҐɿT−1)ɿ͜ͷ஋͸ɼਤ 5.7ͱϏεϚεͷ ρD+Qxx ͕Ұக͢ΔΑ͏ʹɼࠓճௐ੔ͨ͠ɽͨͩ
͠ɼ࣮ࡍͷܭࢉʹ࢖༻͢Δిࢠͷқಈ౓ µ′i͸ µ′i = µi/λεF Ͱ͋Δɽ
ిࢠ (e1) ਖ਼޸ (h)
µ1 52
µ2 2.6 ν1 = ν2 7.8
µ3 45.5 ν3 2.6
µ4 -5.2
ΒϑΟοςΟϯά͞Εͨқಈ౓ͷ஋Λࢀߟʹ͍ͯ͠Δ͔ΒͰ͋Δɽқಈ౓͸࣓৔ʹґଘ͢
ΔͷͰɼB = 0.5Tͷ৔߹ʹൺ΂ͯB > 10Tͷқಈ౓͸খ͞ͳ஋Λࣔ͢͸ͣͰ͋Δɽ
ද 5.4ͷқಈ౓ µi, νiΛ༻͍ͨͱ͜ΖɼB <30TͷྖҬͰఆྔతʹ΋࣮ݧͱҰக͢Δܭ
ࢉ݁ՌΛಘͨʢਤ 5.8ʣɽಛʹڻ͘΂͖఺͸ɼB = 15T-30TͰཧ࿦ͱ࣮ݧͷ஋͕΄΅Ұக
͍ͯ͠Δ఺Ͱ͋Δɽ૬ର࿦తͳิਖ਼ λεF Λಋೖͨ͜͠ͱͰɼB = 15T-30Tͷ࣓৔ґଘੑ
͕આ໌Ͱ͖ͨ͜ͱΛҙຯ͢Δɼ͜ͷ݁Ռ͸ɼ࣮ݧͰ؍ଌ͞ΕΔқಈ౓ͷ࣓৔ґଘੑʹɼ૬
ର࿦ิਖ਼ λεF ͷد༩͕͋ΔՄೳੑΛڧ͍ࣔࠦͯ͘͠Δɽ
n = pͰ൒ۚଐͷ࣓ؾ఍߅͕๞࿨͢Δ͜ͱΛɼ1969೥ʹAbrikosov΋͍ࣔࠦͯͨ͠ [116]ɽ
ͨͩ͠ɼAbrikosovͷཧ࿦͸ٱอެࣜʹج͍ͮͯܭࢉ͍ͯ͠Δ఺͕ɼϘϧπϚϯཧ࿦ʹجͮ
͍ͯܭࢉͨ͠ຊݚڀͱ͸ҟͳΔɽ·ͨɼAbrikosovͷཧ࿦Ͱٞ࿦͍ͯ͠Δ࣓ؾ఍߅͸ ρQ+Qxx
Ͱ͋Δɽ͜ͷ͜ͱ͔ΒɼϏεϚεͷ༗ޮ໛ܕΛ༻͍ͯಘΒΕͨຊݚڀͷཧ࿦͸ɼAbrikosov
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ਤ 5.7: ࣮ݧͰ؍ଌ͞ΕͨϏεϚε࣓ؾ఍߅ʢB ∥Trigonal࣠ʣɽ
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ਤ 5.8: ද 5.4ͷ஋Λ༻͍ͯܭࢉͨ͠ϏεϚεͷ ρD+Qxx ʢB ∥Trigonal࣠ʣɽૠೖਤ͸ɼਤ 5.7
ʹܭࢉ݁ՌΛॏͶͨਤͰ͋Δɽ͓Αͦ 15T-30TͰɼܭࢉ݁Ռͱ࣮ݧ݁Ռ͕ఆྔతʹ΋΄
΅Ұக͍ͯ͠Δɽ
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ͷཧ࿦ΑΓ΋࣮ݧʹଈͨ͠ཧ࿦ͱݴ͑Δɽ
ຊݚڀ͸ɼσΟϥοΫిࢠܥ൒ۚଐʹର͢Δ࣓ؾ఍߅ ρˆD+Qͷ;Δ·͍͔ΒɼϏεϚε
ͷ࣓ؾ఍߅͕๞࿨͢ΔݪҼΛઆ໌͢Δ͜ͱ͕Ͱ͖ͨɽ͔͠͠ɼຊ࿦จͷܭࢉͰ͸ɼ࣓ؾ
఍߅͕๞࿨͢Δͷ͸ B > 60TͰ͋Γɼ࣮ݧͰ๞࿨͢Δ࣓৔ B ∼ 35ͱ͸ҟͳΔɽ·ͨɼ
࣮ݧͰ͸࣓ؾ఍߅͕Θ͔ͣʹݮগ͠ɼ࠶ͼ஋͕૿Ճ͢Δ༷ࢠ͕ݟΒΕ͓ͯΓɼ͜Ε·Ͱ
ͷٞ࿦Ͱઆ໌͢Δ͜ͱ͕Ͱ͖ͳ͍ɽຊݚڀͰ͸ઌߦݚڀ [14, 134]ͷύϥϝʔλΛ༻͍ͯ
͍Δ͕ɼ[14, 134]ͷύϥϝʔλ͸ B < 30T·Ͱͷ࣮ݧ݁ՌͰϑΟοςΟϯά͞Ε͓ͯΓɼ
B ∥Trigonal͔࣠ͭB > 30TͰϏεϚεͷిࢠঢ়ଶͱҰக͢Δ͔อূ͞Ε͍ͯͳ͍ɽ͜ͷ
͜ͱ͔ΒɼB > 30Tʹ͓͚ΔϏεϚεͷిࢠঢ়ଶͷৄࡉΛ໌Β͔ʹ͢Δඞཁ͕͋Δɽ·
ͨɼ࣮ݧͰ؍ଌ͞Εͨ “қಈ౓ͷ࣓৔ґଘੑ”΍ “όϨʔ෼ۃ”ΛɼຊݚڀͰ͸ߟྀ͍ͯ͠
ͳ͍ [12]ɽ͜ΕΒΛߟྀ͢Δ͜ͱʹΑΓɼB >30Tʹ͓͚ΔϏεϚεͷ࣓ؾ఍߅ͷ;Δ·
͍Λઆ໌͢Δ͜ͱ͕Ͱ͖Δͱظ଴Ͱ͖Δɽ
99
ୈ6ষ ిࢠঢ়ଶͱ֯౓ґଘ࣓ؾ఍߅
࣓ؾ఍߅ͷܭࢉ͸҉ʹࣗ༝ిࢠΛԾఆ͍ͯ͠Δɽҟํੑͷڧ͍෺࣭ͷதʹ͸ɼࣗ༝ిࢠ
໛ܕ͔Β͔͚཭ΕͨϑΣϧϛ໘Λ࣋ͭ෺࣭΋ଘࡏ͢Δɽ͜ͷΑ͏ͳ෺࣭ʹରͯ͠ɼࣗ༝ి
ࢠ໛ܕΛԾఆ࣓ͨ͠ؾ఍߅ͷެࣜͰܭࢉ͢Δͱɼ෺࣭ͷϑΣϧϛ໘ʹؔ͢Δ৘ใΛे෼ʹ
൓өͤ͞Δ͜ͱ͸Ͱ͖ͳ͍ɽͦ͜Ͱɼ෺࣭ͷόϯυܭࢉ͔ΒಘΒΕΔϑΣϧϛ໘Λ΋ͱʹɼ
࣓ؾ఍߅ͷ֯౓ґଘੑΛཧ࿦తʹܭࢉ͢Δํ๏Λ։ൃͨ͠ɽ։ൃͨ͠ख๏Λ༻͍ͯɼϏε
ϚεͱΞϯνϞϯͷ֯౓ґଘ࣓ؾ఍߅Λܭࢉͨ͠ɽ·ͨɼ֯౓ґଘ࣓ؾ఍߅ܭࢉ͢Δࡍʹ
ಋೖͨ͠ϑΣϧϛ໘அ໘ੵܭࢉΛԠ༻͠ɼΞϯνϞϯʹ͍ͭͯɼde Haas–van Alphenৼ
ಈʢdHvAʣͷ֯౓ґଘੑ΋ௐ΂ͨɽ
6.1 ϏεϚε
6.1.1 ࣓ؾ఻ಋ౓ͷੵ෼දࣔɿऑ࣓৔ۙࣅ
ϏεϚεͷ࣓ؾ఍߅ܭࢉͰ࢖༻͞Ε͍ͯΔ࣓ؾ఻ಋ౓ͷࣜ͸ɼࣗ༝ిࢠʹର͢Δ Jones–
Zenerͷܭࢉʢࣜ (2.163)ʙ(2.166)ʣΛݩʹ͍ͯ͠Δ [118, 119, 149]ɽզʑ͸ Liu-Allen໛
ܕͰܭࢉΛߦ͏ͨΊɼࣜ (2.163)ʙ(2.166)Λੵ෼දࣔͷ··࣓ؾ఍߅Λܭࢉ͢Δɽ
͜͜Ͱ͸ɼ࠷΋୯७ͳ࣓৔Ұ࣍·Ͱͷల։ʹ͍ͭͯܭࢉΛߦ͏ɽࣜ (2.163)Λ࣍ͷΑ͏
ʹॻ͖௚͢ɽ
j = − e
2τ
(2π)3
∫
vk [E · vk + eτΩ(E · vk)] ∂f0∂ε dk (6.1)
f0͸೤ฏߧঢ়ଶͷϑΣϧϛ෼෍ؔ਺Ͱ͋Δʢࣜ (2.5)ʣɽࣜ (6.1)ͷୈҰ߲ͱୈೋ߲ΛͦΕ
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ͧΕ ja, jbͱ͠ɼ࣓৔ςϯιϧʢࣜ (2.145)ʣΛ༻͍Δͱ [115]
ja = −
e2τ
(2π)3
∫
vk(E · vk)∂f0∂ε dk (6.2)
=
e2τ
(2π)3
∫
Vˆ ·E
(
−∂f0
∂ε
)
dk (6.3)
jb = −
e2τ
(2π)3
eτ
∫
vkΩ(E · vk)∂f0∂ε dk
=
e2τ
(2π)3
eτ
∫
Vˆ · Bˆ · αˆ ·E
(
−∂f0
∂ε
)
dk (6.4)
Vij =
1
!2
∂ε
∂ki
∂ε
∂kj
(6.5)
αij =
1
!2
∂2ε
∂ki∂kj
(6.6)
ͱͳΔɽ
B = 0Ͱ͸ɼిྲྀີ౓ j = jaʹͳΔ͜ͱ͔Βɼ͕࣍ࣜಘΒΕΔɽ
j(B = 0) =
e2τ
(2π)3
∫
Vˆ ·E
(
−∂f0
∂ε
)
dk
=
e2τ
(2π)3
VˆZJ ·E (6.7)
VˆZJ =
∫
Vˆ
(
−∂f0
∂ε
)
dk (6.8)
࣍ʹ jbʢࣜ (6.4)ʣΛܭࢉ͢ΔɽXˆZJΛ࣍ࣜͷΑ͏ʹఆٛ͢Δɽ
XˆZJ =
∫
Vˆ · Bˆ · αˆ
(
−∂f0
∂ε
)
dk (6.9)
্͔ࣜΒࣜ (6.4)͸࣍ͷΑ͏ʹදͤΔ
jb =
e2τ
(2π)3
eτXˆZJ ·E
=
e2τ
(2π)3
eτXˆZJ · Vˆ −1ZJ · VˆZJ ·E
= eτXˆZJ · Vˆ −1ZJ · j(B = 0). (6.10)
্ࣜͷӈลʹ͋Δ j(B = 0)Λ jͱஔ͖௚͢ͱ1ɼిྲྀີ౓ j͸ɼ
j =
e2τ
(2π)3
VˆZJ ·E + eτXˆZJ · Vˆ −1ZJ · j
↔ j =
(
1ˆ− eτXˆZJ · Vˆ −1ZJ
)−1 e2τ
(2π)3
VˆZJ ·E (6.11)
1j(B = 0) → j ͷஔ͖׵͑Λߦ͏͜ͱͰɼυϧʔσཧ࿦ͷࣜ (2.144) ʹରԠ͢Δిྲྀີ౓ͷؔ܎ࣜ
ʢࣜ (6.11)ʣΛಘΔ͜ͱ͕Ͱ͖Δɽ
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ͱͳΔɽj = σˆE͔Βɼ࣓ؾ఻ಋ౓ σˆ(Bˆ)͸
σˆ(Bˆ) =
(
1ˆ− eτXˆZJ · Vˆ −1ZJ
)−1 e2τ
(2π)3
VˆZJ (6.12)
ͱͳΔɽ্ࣜ͸ VˆZJ, XˆZJʹੵ෼͕࢒͞Ε͓ͯΓʢࣜ (6.8), (6.9)ʣɼ਺஋ܭࢉΛߦ͏͜ͱͰ
೚ҙͷϑΣϧϛ໘ʹର͢Δ࣓ؾ఍߅ͷܭࢉ͕Ͱ͖Δɽ
6.1.2 ֯౓ґଘ࣓ؾ఍߅
Liu-Allen໛ܕʢਤ 2.18ʣ͔Βɼࣜ (6.12)Λ༻͍ͯɼϏεϚεͷ֯౓ґଘ࣓ؾ఍߅Λܭࢉ
͢ΔɽT఺ͱL఺Λத৺ʹిࢠͱਖ਼޸ͷϑΣϧϛ໘શମؚ͕·ΕΔ௚ํମʢද 6.1ɼਤ 6.1ʣ
Λɼ1283 ͷখྖҬʹ෼ׂ͢Δɽ؇࿨࣌ؒ τ ͸ τ = 1.0 × 10−12sɼԹ౓ T ͸ T = 50Kͱ
͢Δɽ
ϏεϚεͷ֯౓ґଘ࣓ؾ఍߅ͷཧ࿦ܭࢉʢਤ 6.2(a), (b), (c)ʣͱ࣮ݧ݁Ռʢਤ 6.2(d), (e),
(f)ʣΛൺֱ͢ΔɽTrigonal࣠ʹରͯ͠ਨ௚ͳ໘಺ʢBinary–Bisectrixฏ໘ʣͱBinary࣠ʹ
ରͯ͠ਨ௚ͳ໘಺ʢTrigonal–Bisectrixฏ໘ʣͰ࣓৔Λճసͤͨ͞ܭࢉ݁Ռʢਤ 6.2(a), (c)ʣ
ͱରԠ͢Δ࣮ݧ݁Ռʢਤ 6.2(d), (f)ʣͷ֯౓ґଘੑ͸׬શʹҰக͍ͯ͠Δɽ͜Εʹରͯ͠ɼ
Bisectrix࣠ʹਨ௚ͳ໘಺ʢTrional–Binaryฏ໘ʣͰ࣓৔Λճసͤͨ͞ܭࢉ݁Ռʢਤ 6.2(b)ʣ
ͱ࣮ݧ݁Ռʢਤ 6.2(e)ʣ͸ɼएׯͷҧ͍͕͋ΔɽϏεϚεͷϑΣϧϛ໘͸Trigonal-Bisectrix
໘ʹରͯ͠ରশͰ͋Δ͜ͱ͔Βɼ֯౓ґଘ࣓ؾ఍߅͸ Trigonal࣠ (ਤ 6.2(b)Ͱ͸ɼॎ࣠
(Bin)ͷ஋͕ 0ͷ௚ઢ)ʹରͯ͠ɼରশʹͳΔ͸ͣͰ͋Δɽઌߦݚڀ [9]ʹΑΔͱɼ࣮ݧ݁Ռ
ʢਤ 6.2(e)ʣ͕ ཧ࿦ͱҰக͠ͳ͍ݪҼ͸ɼ(1)ڧ࣓৔ʹΑΔϥϯμ΢ྔࢠԽͷӨڹɼ(2)̏ճର
শੑͷഁΕɼ(3)࣓৔ʹΑΔқಈ౓ςϯιϧͷมԽͷࡾͭͰ͋Δ2ɽҰํͰɼຊݚڀͷܭࢉΛ
ৄ͘͠ݟΔͱରশʹͳ͍ͬͯͳ͍͜ͱ͕Θ͔Δʢਤ 6.3ʣɽ͜ Ε͸ిࢠͷϑΣϧϛ໘͕6◦܏͍
͍ͯΔ͜ͱʹ༝དྷ͢ΔɽTrigonal-Binary໘Ͱ࣓৔Λճసͤͨ࣌͞ʢB = B0(sin θ, 0, cos θ)ɼ
θ͸ Trigonal͔࣠Βͷ܏͖֯, B0͸࣓৔ͷେ͖͞Λද͢ʣͷࣜ (6.12)Λৄ͘͠ௐ΂ͨͱ
ද 6.1: ిࢠ (e1)ͱਖ਼޸ͷੵ෼ྖҬɿkbin, kbis, ktri͸ Binary–ɼBisectrix–ɼTrigonal࣠ํ
޲ͷ೾਺ΛϏεϚεͷٯ֨ࢠఆ਺ʢgBi = 1.3861A˚ʣͰن֨Խͨ͠஋Ͱ͋Δ [76]ɽ
೾਺ʢg−1Bi ʣ ిࢠ (e1) ਖ਼޸ (h)
kbin ±0.005 ±0.020
kbis ±0.100 ±0.020
ktri ±0.015 ±0.050
2(1)͕ߟ͑ΒΕΔཧ༝͸ɼϏεϚε͕࣓৔ʹରͯ͠හײ͔ͩΒͩɽϏεϚεͷిࢠͱਖ਼޸͸ൺֱతখ͍͞
࣓৔Ͱڧ͘ྔࢠԽ͞ΕΔɽB = 1TͰϏεϚεͷిࢠঢ়ଶ͸ɼϥϯμ΢ྔࢠԽΛແࢹͰ͖ͳ͍΄Ͳڧ͘཭ࢄ
Խ͞Ε͍ͯΔͱߟ͑ΒΕΔɽͦͷ݁Ռɼθϩ࣓৔ͷిࢠঢ়ଶΛग़ൃ఺ͱ͢ΔϘϧπϚϯཧ࿦ʹج͍࣓ͮͨؾ
఍߅ͷܭࢉͰ͸ɼઆ໌Ͱ͖ͳ͍֯౓ґଘੑͷมԽ͕ੜ͍ͯ͡ΔՄೳੑ͕͋Δɽ(2)ͱ (3)ʹ͍ͭͯ͸ɼ࣮ݧࣄ
࣮͔Βࣔࠦ͞Ε͍ͯΔɽ
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ਤ 6.1: ੵ෼ൣғͷΠϝʔδਤɿʢ্ʣిࢠϑΣϧϛ໘ (e1)ʢԼʣਖ਼޸ϑΣϧϛ໘ (h)
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͜Ζɼࣜ (6.8)ɼ(6.5)ɼ(6.6)ͷඇର֯੒෼͕༗ݶͰ͋Δ৔߹ʹɼࣜ (6.12)ͷର֯੒෼͸࣍
ͷΑ͏ͳ࣓৔ͷؔ਺ܥͰ͋Δ͜ͱ͕Θ͔ͬͨ3ɽ
σii =
a0 + a1B0 sin θ + a2B20 cos
2 θ
a3 + a4B0 sin θ + a5B20 cos
2 θ
. (6.13)
্ࣜͷ෼ࢠͱ෼฼ʹ B0 sin θ͕͋Δ͜ͱ͔Βɼڧ࣓৔ʹ͓͍ͯ 0◦ ≤ θ < 180◦ ͱ 180◦ ≤
θ < 360Ͱएׯͷҧ͍͕ੜͨ͡ͷͰ͋Δɽ
͜ͷ໰୊Λվળ͢ΔͨΊʹ͸ɼࣜ (6.8)ɼ(6.5)ɼ(6.6)ͷඇର֯੒෼͕θϩͱͳΔඞཁ͕͋
Δɽͦ ͜Ͱɼe1ͷ࣠ʹลΛ΋ͭ௚ํମʢਤ 6.4ʣͰ VˆZJ, Xˆͷੵ෼ܭࢉΛߦͬͨޙʹɼBinary࣠
ʹରͯ͠6◦ճసͤ͞Δճసߦྻ RˆBin(6◦)Λ࡞༻͞ ʢͤRˆ−1Bin(6
◦)VˆZJRˆBin(6◦), Rˆ−1Bin(6
◦)XˆRˆBin(6◦)ʣɼ
఻ಋ౓ σˆΛܭࢉͨ͠4ɽෳࡶͳܭࢉͰ͸͕͋ͬͨɼಘΒΕͨ֯౓ґଘ࣓ؾ఍߅ʢਤ 6.5͸ɼ
Trigonal࣠ʢԣ࣠ (Tri)ʹฏߦͰॎ࣠ (Bin)ͷ஋͕ 0ͷઢʣʹରͯ͠ରশੑ͕গ͚ͩ͠վ
ળ͞Εͨʢਤ 6.5ʣɽ
͜͜·ͰͰɼLiu-Allen໛ܕͷిࢠঢ়ଶ͔Βઌߦݚڀ [9]ͱఆੑతʹҰக͢Δܭࢉ݁Ռ
ΛಘΔ͜ͱ͕Ͱ͖ͨ5ɽͨͩ͠ɼ(i)Bisectrix࣠ʹରͯ͠ਨ௚ͳ໘಺Ͱ࣓৔Λճసͤͨ͞৔
߹ɼରশੑʹͳΒͳ͍ʢਤ 6.5ʣɼ(ii)B = 0.5Tʹ͓͚Δܭࢉ݁Ռʢਤ 6.2(a)-(c)ʣ͸࣮
ݧ݁Ռʹൺ΂஋͕খ͍͞6ͱ͍͏ೋͭͷ໰୊͕࢒͍ͬͯΔɽݪҼͱͯ͠ɼ(A)ܭࢉʹ࢖༻
ͨࣜ͠ (6.12)ɼ(B)؇࿨࣌ؒͷѻ͍ɼͷೋ͕ͭߟ͑ΒΕΔɽ·ͣ (A)ʹ͍ͭͯઆ໌͢Δɽ
ࣜ (6.12)͸ࣜ (6.1)͔Βಋग़ͨ͠ɽࣜ (6.1)͸ Jones–Zenerͷܭࢉʢࣜ (2.163)ʣʹ͍ͭ
ͯɼ࣓৔ͷ 1࣍·ͰͷࣜͰ͋Γɼ࣓৔ͷ 1࣍·Ͱ͔͠ߟྀ͍ͯ͠ͳ͍͜ͱ͕ݪҼͰ (ii)͕
ੜͨ͡Մೳੑ͕͋Δ7ɽͳ͓ɼ࣍અͰ঺հ͢Δࣜ (6.17)ɼ(6.18)ʹΑΔܭࢉͰ (i)ͷ໰୊͸
ղܾ͢Δɽ࣍ʹ (B)ʹ͍ͭͯɼຊݚڀͰ͸؇࿨࣌ؒ τ Λ τ = 1.0 × 1012sͱݻఆͨ͠ɽ͠
͔͠ɼ࣮ݧతʹϏεϚεͷ؇࿨࣌ؒ τBi͸ిࢠͱਖ਼޸ͰҟͳΓɼҟํੑ͕ڧ͘ɼ࣓৔ʹґ
ଘ͢Δ͜ͱ͕ࣔࠦ͞ΕΔ8ɽ͜ͷ͜ͱ͔ΒɼΑΓఆྔతʹཧ࿦ͱ࣮ݧΛൺֱ͢ΔͨΊʹ͸ɼ
؇࿨࣌ؒͷ࣓৔ґଘੑ΍ҟํੑΛߟྀ͢Δඞཁ͕͋Δɽ·ͨɼઌߦݚڀ [9]Ͱࣔࠦ͞Εͯ
͍ΔΑ͏ʹɼ(1)ϥϯμ΢ྔࢠԽɼ(2)̏ճରশੑͷഁΕ΋ߟྀ͢Δඞཁ͕͋Δɽϥϯμ΢
ྔࢠԽͷޮՌΛΑΓ࣓ؾ఍߅ͷܭࢉʹ൓өͤ͞ΔͨΊʹ͸ɼ࣓৔ʹґଘ͢ΔΩϟϦΞີ౓
3ࣜ (6.13)͸ɼ͋͘·Ͱ΋ҰྫͰ͋Γɼࣜ (6.8)ɼ(6.5)ɼ(6.6)ͷඇର֯੒෼ͷͲ͕͜༗ݶ͔ͰɼΑΓෳࡶ
ͳؔ਺ʹ΋ͳΔɽ
4ପԁମͷ࣠ʹԊͬͨ௚ํମͰੵ෼͢Δͱɼe1 ͷ௕͕࣠ Bisectrix࣠ͱฏߦͳ৔߹ͱಉ͡ܭࢉΛ͍ͯ͠Δ͜
ͱʹͳΔɽRˆBin(6◦)Λ࡞༻ͤΔ͜ͱͰɼe1 ͕ Binary͔࣠Β 6◦ ܏͍͍ͯΔঢ়گΛ࠶ݱͨ͠ɽ͜ͷํ๏Ͱܭࢉ
͢Δ৔߹ɼ࣮࣭తͳܭࢉࣜ͸࣍ͷΑ͏ʹͳΔ
σˆ(Bˆ) =
(
1ˆ− eτRˆ−1Bin(6◦)XˆZJ · Vˆ −1ZJ RˆBin(6◦)
)−1 e2τ
(2π)3
Rˆ−1Bin(6
◦)VˆZJRˆBin(6◦)
5Binary-Bisectrix໘ͱTrigonal-Bisectrix໘಺Ͱ࣓৔Λճసͤͨ݁͞Ռ͸׬શʹҰக͍ͯ͠Δɽʢਤ 6.2(a),
(c),(d),(f)ʣɽ
6ྫ͑͹ɼਤ 6.2(c)ʹ͓͚Δ B =0.5Tͷܭࢉ݁Ռ͸ɼਤ 6.2(f)ʹൺ΂Ұܻఔ౓খ͍͞ɽ
7·ͨɼJones–Zenerͷܭࢉ͸ɼऑ࣓৔Ͱႈڃ਺ల։ͨࣜ͠ͳͷͰɼݪཧతʹڧ࣓৔Ͱ࢖༻͢Δ͜ͱ͕Ͱ͖
ͳ͍ɽ
8ݫີʹ͸ɼқಈ౓ µʢిࢠʣ, νʢਖ਼޸ʣ͕࣓৔ʹґଘ͢Δ͜ͱΛࣔࠦ͞Ε͍ͯΔɽ͔͠͠ɼµ = eτ/mͱ
Ծఆ͢Δͱɼτ ͕࣓৔ʹґଘ͢Δ͜ͱͰɼқಈ౓͕࣓৔ґଘੑΛ΋ͭɽ
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ਤ 6.2: ϏεϚεͷ֯౓ґଘ࣓ؾ఍߅ɿʢa, b, cʣཧ࿦ܭࢉʢd, e, fʣ࣮ݧ݁Ռ (B =0.5T) [9]
ɽ࣓৔ͷճస໘͸ʢa, dʣBinary–Bisectrix໘ʢb,eʣTrigonal–Binary໘ʢc, fʣTrigonal–
Bisectrix໘Ͱ͋Δɽԣ࣠ͱॎ࣠ͷϥϕϧ͸ɼϥϕϧͷ࣠ͱ࣠ͷ޲͖͕Ұக͢Δ͜ͱΛද͢ɽ
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ਤ 6.3: ਤ 6.2(b)ͷରশੑͷ֬ೝʢB =1Tʣɽʢࠨʣθ = 0◦ – 360◦ʢӈʣθ = 0◦ – 90◦ɽ࣮ઢ
ΛTrigonal࣠ʢॎ࣠ (Bin)ͷ஋͕ 0ͷ௚ઢʣʹରͯ͠൓సͤ͞ΔͱഁઢͷάϥϑʹͳΔɽ
ਤ 6.4: e1ͷ࣠ͱฏߦͳลΛ࣋ͭ௚ํମͷੵ෼ྖҬɿੵ෼͢Δࡍ͸ kX , kY , kZ ͕ੵ෼ม਺
ͱͳΔɽ
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ਤ 6.5: ਤ 6.4ͷੵ෼ྖҬͰ࠶ܭࢉͨ͠ϏεϚεͷ࣓ؾ఍߅ʢTrigonal–Binary໘ɼB = 1Tʣɽ
ʢࠨʣθ = 0◦ – 360◦ʢӈʣθ = 0◦ – 90◦ɽਤ 6.3ʹൺ΂ɼରশੑ͕গ͚ͩ͠վળ͞Εͨɽ
ʢࣜ (4.3)ʣͱిՙதੑ৚݅ ʢࣜ (4.4)ʣ΍ɼຊݚڀͰ৽ͨʹಋ͍ͨσΟϥοΫిࢠͷ࣓ؾ
఻ಋ౓ʢࣜ (3.22)ʣΛ༻͍Δ΂͖Ͱ͋Δ9ɽ
6.2 ΞϯνϞϯ
6.2.1 ࣓ؾ఻ಋ౓ͷੵ෼දࣔɿڧ࣓৔
ࣜ (6.12)ͷܭࢉ͸ɼಋग़աఔʹ͓͍ͯऑ࣓৔ΛԾఆ͠ɼ࣓৔ͷ 1࣍·Ͱ͔͠ߟྀ͍ͯ͠
ͳ͍ɽ͜ͷ͜ͱ͔Βɼࣜ (6.12)Λڧ࣓৔தͷ࣓ؾ఍߅ͷܭࢉʹ࢖༻͢Δͷ͸ɼෆద੾Ͱ͋
Δɽͦ͜ͰɼϘϧπϚϯཧ࿦ʹج͍ͮͯڧ࣓৔ʹରͯ͠దԠՄೳͳ࣓ؾ఍߅ͷࣜΛ࠶ಋग़
͢Δɽ
σΟϥοΫిࢠͷ଎౓ vD ͷ୅ΘΓʹ೚ҙͷΤωϧΪʔͷ଎౓ v Λࣜ (3.4)ʹ୅ೖ͠ɼ
ࣜ (3.19)ͷಋग़ͱಉ༷ʹϘϧπϚϯํఔࣜʢࣜ (2.157)ʣΛղ͍͍ͯ͘ͱɼ࣍ࣜΛಘΔ
F = eτ
(
1ˆ− eτBˆ · αˆ−1
)−1 ·E. (6.14)
αˆ͸ࣜ (6.6)Ͱද͞ΕΔٯ༗ޮ࣭ྔςϯιϧͰ͋Δɽిྲྀີ౓ j = −ne ⟨v⟩ = −2e(2π)3
∫
vfkdk
9ຊݚڀͰ͸࠶ಋग़࣓ͨ͠ؾ఻ಋ౓ͷੵ෼ܗʢࣜ (6.12)ʣͷ֬ೝͱ͍͏ཧ༝͔ΒɼLiu-Allen໛ܕͰϏεϚ
εͷ֯౓ґଘ࣓ؾ఍߅Λܭࢉͨ͠ɽ͔͠͠ɼຊདྷ͸֦ுσΟϥοΫ໛ܕΛ༻͍ͯ֯౓ґଘ࣓ؾ఍߅Λܭࢉ͢
΂͖Ͱ͋Δɽ
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͔Βɼ
j =
−2e
(2π)3
∫
dkvk (F · vk) ∂f0∂ε
=
2e2τ
(2π)3
∫
dk
(
−∂f0
∂ε
)
vk
[
vk ·
[(
1ˆ− eτBˆ · αˆ
)−1 ·E]] (6.15)
ͱͳΔɽξij =
[(
1ˆ− eτBˆ · αˆ
)−1]
ij
ͱ͓͘ͱɼ
j =
2e2τ
(2π)3
∫
dk
(
−∂f0
∂ε
)
vk
⎛⎜⎝ vxvy
vz
⎞⎟⎠ ·
⎛⎜⎝
∑
i ξxiEi∑
i ξyiEi∑
i ξziEi
⎞⎟⎠
=
2e2τ
(2π)3
∫
dk
(
−∂f0
∂ε
)⎛⎜⎝ vxvy
vz
⎞⎟⎠(vx∑
i
ξxiEi + vy
∑
i
ξyiEi + vz
∑
i
ξziEi
)
=
2e2τ
(2π)3
∫
dk
(
−∂f0
∂ε
)⎛⎜⎝ vxvx
∑
i ξxiEi + vxvy
∑
i ξyiEi + vxvz
∑
i ξziEi
vyvx
∑
i ξxiEi + vyvy
∑
i ξyiEi + vyvz
∑
i ξziEi
vzvx
∑
i ξxiEi + vzvy
∑
i ξyiEi + vzvz
∑
i ξziEi
⎞⎟⎠
=
2e2τ
(2π)3
∫
dk
(
−∂f0
∂ε
)⎛⎜⎝ vxvx vxvy vxvzvyvx vyvy vyvz
vzvx vzvy vzvz
⎞⎟⎠
⎛⎜⎝
∑
i ξxiEi∑
i ξyiEi∑
i ξziEi
⎞⎟⎠
=
2e2τ
(2π)3
∫
dk
(
−∂f0
∂ε
)⎛⎜⎝ vxvx vxvy vxvzvyvx vyvy vyvz
vzvx vzvy vzvz
⎞⎟⎠
⎛⎜⎝ ξxx ξxy ξxzξyx ξyy ξyz
ξzx ξzy ξzz
⎞⎟⎠
⎛⎜⎝ ExEy
Ez
⎞⎟⎠
(6.16)
ͱͳΔɽҎ্ΑΓɼిؾ఻ಋ౓ςϯιϧ σij ͸ҎԼͷΑ͏ͳੵ෼දࣔͰදͤΔ
σij =
2e2τ
(2π)3
∫
dk
(
−∂f0
∂ε
)∑
µ
vivµ
[(
1ˆ− eτBˆ · αˆ
)−1]
µj
. (6.17)
vi͸଎౓੒෼ʢvi = !−1∂ε/∂kiʣɼαˆ͸ٯ༗ޮ࣭ྔςϯιϧͰ͋Δʢࣜ (6.6)ʣɽࣜ (6.17)
͸࣓৔ʹର͢ΔۙࣅΛߦ͍ͬͯͳ͍͜ͱ͔Βɼ೚ҙͷ࣓৔ͱΤωϧΪʔʹରͯ͠దԠՄೳ
ͳࣜͰ͋Δɽ
ࣜ (6.17)Λ༻͍ͯ࿈݁ϑΣϧϛ໘ͷ఻ಋ౓Λܭࢉ͢Δͱɼৼಈ΍ൃࢄ͕ੜͯ͡͠·͏ɽ
ͦͷݪҼ͸࿈݁ϑΣϧϛ໘ͷܗঢ়ʹ͋Δɽ࿈݁ϑΣϧϛ໘ʢਤ 1.3ʣͷΑ͏ͳେ͖͘ԜΜ
ͩܗΛ΋ͭϑΣϧϛ໘Ͱ͸ɼٯ༗ޮ࣭ྔςϯιϧ αij = ∂2ε/∂ki∂kj ͕೾਺ʹґଘ͠ɼਖ਼
ෛ྆ํͷ஋ΛͱΔɽ͜ͷ αij ͷ஋ͷมԽʹґଘͯࣜ͠ (6.17)ͷ෼฼෦෼ |1ˆ− eτBˆ · αˆ|͕ਖ਼
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ෛʹมԽͯ͠͠·͍ɼ఻ಋ౓શମͱͯ͠ৼಈ΍ൃࢄ͕ੜ͡Δɽ͜ͷ໰୊Λճආ͢ΔͨΊɼ
Chamber [111]΍ Lifshitz–Azbel–Kosevichi [113]Βͷ “ϑΣϧϛ໘அ໘ͷपғʹԊͬͨي
ಓӡಈ”ͷ֓೦Λಋೖ͠ɼࣜ (6.17)தͷٯ༗ޮ࣭ྔςϯιϧΛ࣍ࣜͷΑ͏ʹஔ͍ͨ
αˆ =
⎛⎜⎝ m−1c 0 00 m−1c 0
0 0 m−1||
⎞⎟⎠ . (6.18)
m||͸࣓৔ʹฏߦͳ༗ޮ࣭ྔ੒෼ɼmc͸࣍અͰઆ໌͢ΔαΠΫϩτϩϯ༗ޮ࣭ྔͰ͋Δɽ
ࣜ (6.17)ɼ(6.18)ͰܭࢉΛߦ͏͜ͱʹΑΓɼલઅʹ͋ͬͨਤ 6.5ͷ໰୊΋ղܾ͢Δ͜ͱ΋
Ͱ͖Δ10ɽ
6.2.2 αΠΫϩτϩϯ༗ޮ࣭ྔ
͜͜Ͱ͸ɼ൒ݹయతͳඳ૾ʹ͓͚ΔαΠΫϩτϩϯ༗ޮ࣭ྔmcͷఆٛΛ঺հ͢Δɽ࣓
৔தʹ͓͚Δిࢠͷ൒ݹయతͳӡಈํఔࣜ͸ɼ࣍ࣜͰද͞ΕΔɽ
d(!k)
dt
= −evk ×B (6.19)
ΤωϧΪʔͷ࣌ؒมԽ͸
dε
dt
=
1
!∇kε ·
d(!k)
dt
= −evk · (vk ×B) = 0 (6.20)
ͱͳΔɽ·ͨɼB = (0, 0, B)ͳΒ͹ɼࣜ (6.19)͸
d
dt
⎛⎜⎝ !kx!ky
!kz
⎞⎟⎠ = e
⎛⎜⎝ −vyBvxB
0
⎞⎟⎠ (6.21)
ͱͳΔɽࣜ (6.20)ɼ(6.21)͔Βɼిࢠ͸ΤωϧΪʔͱ࣓৔ʹฏߦͳ೾਺੒෼͕อଘ͞ΕΔ
Α͏ʹӡಈ͢Δʢε, kz = const.ʣ[150]ɽ
ε, kz ͕อଘ͞ΕΔిࢠͷӡಈ͸ɼ೾਺ۭؒʹ͓͍ͯ౳ΤωϧΪʔ໘ʢε(k) =const.ʣͱ
౳ kz ໘͕࡞Δަઢͷي੻Ͱ͋ΔɽΩϟϦΞ༌ૹͰ͸ɼϑΣϧϛ໘ۙ๣ͷిࢠ͕ओͳ໾ׂ
ΛՌͨ͢͜ͱ͔ΒɼϑΣϧϛ໘ ε = εFͱ౳ kz ໘Ͱ࡞ΔަઢͷيಓʹԊͬͨిࢠͷӡಈΛ
ߟ͑Ε͹Α͍ɽ
ࣜ (6.21)ͷ x, y੒෼͔Βɼ͕࣍ࣜಘΒΕΔ [150]ɽ(
dkx
dt
)2
+
(
dky
dt
)2
=
( e
!
)2
(v2x + v
2
y)B
2 (6.22)
10ࣜ (6.18)Ͱܭࢉ͢Δ৔߹ɼৗʹB = (0, 0, B)ͱͳΔΑ͏ͳ࠲ඪ࣠ͰܭࢉΛߦ͏ʢޙड़ʣɽΑͬͯࣜ (6.17)
Λܭࢉ͢Δͱɼ࣓৔ʹਨ௚ͳର֯੒෼ σxx,yy ͸ σxx,yy ∼ a1/(1 + a2B2)ͱද͞ΕΔɽ
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ਤ 6.6: εFͱ εF + dεʹڬ·ΕͨྖҬ
೾਺ۭؒʹ͓͚Δిࢠͷي੻ͷઢཁૉdl =
√
(dkx)2 + (dky)2͔Βdl/dt =
√
(dkx/dt)2 + (dky/dt)2
͕੒Γཱͭɽ࣓৔ʹରͯ͠ਨ௚ͳిࢠͷ଎౓ͷେ͖͞ v⊥ =
√
v2x + v
2
y ͔Βɼ্ࣜ͸
dl
dt
=
e
!v⊥B (6.23)
ͱͳΔɽ্ࣜΛ dtʹ͍ͭͯɼॻ͖௚͢ͱ
dt =
!
eB
dl
v⊥
(6.24)
t =
!
eB
∫
dl
v⊥
(6.25)
ϑΣϧϛ໘͕ด͍ͯ͡ΔͳΒɼిࢠ͸ϑΣϧϛ໘ͷஅ໘ͷपғʹԊͬͯपճӡಈΛߦ͏ɽ
ࣜ (6.25)ͷੵ෼Λߦ͏ͱɼిࢠ͕ϑΣϧϛ໘ʹԊͬͯӡಈ͢Δपظ͕ಘΒΕΔɼ
T =
!
eB
∮
dl
v⊥
. (6.26)
౳ kz໘ʹ͓͍ͯిࢠͷي੻͕ғΉྖҬͷ໘ੵ S(kz)Λߟ͑ΔɽS(kz)͸ਤ 6.6ͷΑ͏ͳɼ
ೋͭͷ౳ΤωϧΪʔ໘Ͱڬ·ΕͨྠͷྖҬΛɼ౳ΤωϧΪʔ໘ʹਨ௚ͳ dk′ํ޲ʹੵ෼͢
Δ͜ͱͰಘΔ͜ͱ͕ՄೳͰ͋ΔɽΤωϧΪʔ෯ dε(kz)͸ɼ
dε(kz) =
∂ε(kz)
∂k′
dk′ (6.27)
Ͱ͋Δɽిࢠͷ౳ kz ໘ʹ͓͚Δ଎౓ v⊥ = !−1∂ε(kz)/∂k′ͱɼྠͷ໘ੵ dk′
∮
v−1⊥ dl͔Βɼ
εFͰғ·Εͨ໘ੵ S(εF, kz)͸࣍ࣜͰද͞ΕΔ
S(εF, kz) =
∫
dk′
∮
dl
v⊥
=
1
!
∫
dε
∮
dl
v⊥
(6.28)
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ਤ 6.7: ࿈݁ϑΣϧϛ໘ͷஅ໘ʢBinBisฏ໘ʣ
ࣜ (6.28)ͱࣜ (6.26)͔Βɼपظ T ͸࣍ࣜͰද͞ΕΔ
T =
!2
eB
∂S(εF, kz)
∂ε
. (6.29)
Tωc = 2πͱ ωc = eB/mcΑΓɼαΠΫϩτϩϯ༗ޮ࣭ྔmc͕࣍ࣜͰද͞ΕΔ [151]ɼ
mc =
!2
2π
∂S(εF, kz)
∂ε
. (6.30)
ࣜ (6.30)ͷӈลʹϑΣϧϛ໘ͷஅ໘ੵ S(εF, kz)͕͋Δ͜ͱ͔Βɼmc͸ϑΣϧϛ໘ͷҟํ
ੑΛؚΜͰ͍Δɽࣜ (6.17)ɼ(6.18)ɼ(6.30)Λ༻͍Δ͜ͱͰɼ೚ҙϑΣϧϛ໘ʹ͍ͭͯҟ
ํੑߟྀͨ͠Λ఻ಋ౓ͷܭࢉΛߦ͏͜ͱ͕Ͱ͖Δɽ
6.2.3 ϑΣϧϛ໘அ໘ੵͷܭࢉ
αΠΫϩτϩϯ༗ޮ࣭ྔͷܭࢉʹ͸ɼϑΣϧϛ໘ͷஅ໘ੵͷܭࢉ͕ඞཁʹͳΔɽຊݚڀ
Ͱ͸ը૾ॲཧͷٕज़ΛԠ༻͢Δ͜ͱͰɼϑΣϧϛ໘அ໘ੵͷܭࢉΛߦ͏ɽຊઅͰ͸ɼΞϯ
νϞϯͷϑΣϧϛ໘ʢਤ 6.7ʣͷஅ໘ੵܭࢉΛྫʹɼ࢖༻ͨ͠ը૾ॲཧٕज़ʹ͍ͭͯ঺հ
͢ΔɽຊઅΛهड़͢Δʹ͋ͨΓɼ[152–154]Λࢀߟʹ͍ͯ͠Δɽ
̎஋Խॲཧ
ຊݚڀͰ͸ɼᮢ஋ʹΑΔ̎஋ԽॲཧΛߦͬͨɽ͜ͷํ๏͸ɼը૾ͷ͋Δ఺ʹ͓͚Δ৭ͷೱ
͞ʹ͍ͭͯɼᮢ஋ʹର͢ΔେখͰ̎৭ʹృΓ෼͚Δํ๏Ͱ͋Δʢਤ 6.8ʣɽຊݚڀͰ͸ɼό
ϯυͷΤωϧΪʔΛը૾ͷ৭ͱͯ͠ଊ͑ɼϑΣϧϛΤωϧΪʔ εFΛᮢ஋ͱ͢Δʢਤ 6.8ʣɽ
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ਤ 6.8: ̎஋Խॲཧ͞Εͨ࿈݁ϑΣϧϛ໘ͷஅ໘ʢBinBisฏ໘ʣɿ࿈݁ϑΣϧϛ໘͸ਖ਼޸
ϑΣϧϛ໘ͳͷͰɼᮢ஋ʢεF = 0meVʣΑΓ΋େ͖͍ྖҬ͕࿈݁ϑΣϧϛ໘ͷஅ໘Ͱ͋Δɽ
ྖҬ੒௕๏
ϑΣϧϛ໘Λ౳ kz໘ຖʹ੾ΔͱɼεFͰғ·ΕͨྖҬ͕ෳ਺ଘࡏ͢Δ৔߹͕͋Δʢਤ 6.8ʣɽ
ਓؒͳΒ͹ਤ 6.8ΛҰ໨ݟΔ͚ͩͰݽཱͨ͠ࡾͭͷྖҬΛೝࣝ͢Δ͜ͱ͕Ͱ͖Δɽ͔͠͠ɼ
ίϯϐϡʔλʔ͸ਓؒͷΑ͏ʹྖҬΛࣝผ͢Δ͜ͱ͸Ͱ͖ͣɼਤ 6.8ͷ··Ͱ͸̏ͭͷஅ
໘Λಉ͡ྖҬͱͯ͠ೝࣝͯ͠͠·͍ɼஅ໘ੵຖͷ໘ੵΛܭࢉ͢Δ͜ͱ͕ࠔ೉Ͱ͋Δɽίϯ
ϐϡʔλʔ͕ྖҬຖͷ໘ੵΛܭࢉ͢ΔͨΊʹ͸ɼྖҬͦΕͧΕʹ൪߸Λ͚ͭɼ۠ผ͢Δॲ
ཧ͕ඞཁͱͳΔɽ͜ͷॲཧΛ “ϥϕϦϯά”ͱݺͿɽຊݚڀͰ͸ɼϥϕϦϯάΛߦ͏ͨΊ
ʹྖҬ੒௕๏ʢRegion Growing๏ʣΛ༻͍ͯɼஅ໘ੵΛ۠ผͨ͠ʢਤ 6.9ʣɽ
ྖҬ੒௕๏ͱ͸ɼը૾ͷಛఆͷ৘ใʹ͍ͭͯ৚݅Λࢦఆ͠ɼͦͷ৚݅Λຬۭͨؒ͢తʹ
࿈ଓ͢ΔྖҬΛ൪߸෇͢Δํ๏Ͱ͋Δɽ୹࣌ؒͰྖҬͷநग़͕ՄೳͰ͋Δͱ͍͏ར఺͕͋
ΔɽྖҬ੒௕๏Λ༻͍ͨϥϕϦϯάͷϓϩηε͸ɼҎԼͷ௨ΓͰ͋Δɽ
1. ը૾ͷίϐʔઌΛ༻ҙ͠ɼ̎஋Խॲཧ͞Εͨݩը૾ͷσʔλΛϥελʔεΩϟϯ11
͢Δʢਤ 6.10(a)ʣɽ
2. ϑΣϧϛ໘ͷ಺ଆʹ͋Δ఺Λݟ͚ͭͨΒɼίϐʔઌը૾ͷಉ͡࠲ඪʹ൪߸Λ͚ͭΔ
ʢਤ 6.10(b)ʣɽ
11̍࣍ݩํ޲ʹը૾ΛεΩϟϯͯ͠εΩϟϯઢΛ࡞Γɼਨ௚ํ޲ʹεΩϟϯઢΛҠಈͤ̎࣍͞ݩͷը૾Λಘ
Δํ๏ɽ
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ਤ 6.9: ϥϕϦϯά͞Εͨ࿈݁ϑΣϧϛ໘ͷஅ໘ʢBinBisฏ໘ʣɿϥϕϦϯά͞ΕͨྖҬ͝
ͱʹҟͳΔ৭ͰృΒΕ͍ͯΔɽࢵ=̍ɼ੺ʹ̎ɼԫ=̏
3. ݩը૾ͷσʔλΛ࡟আ͠ɼྡ઀͢Δ̐ͭͷ֨ࢠ఺12ʹ͍ͭͯϑΣϧϛ໘ͷ಺ଆʹ͋
Δ͔Ͳ͏͔ௐ΂Δʢਤ 6.10(c)ʣɽ
4. खॱ̎ɼ̏Λ܁Γฦ͠ɼ࿈݁ͨ͠ྖҬ͕ͳ͘ͳΔ·Ͱ܁Γฦ͢ɽʢਤ 6.10(d)ʣɽ
5. ࠷ॳʹϑΣϧϛ໘ͷ಺ଆͱൃݟͨ͠఺͔Βɼݩը૾ͷϥελʔεΩϟϯΛ࠶։͢Δ
ʢਤ 6.10(e)ʣɽ
6. ࠶ͼϑΣϧϛ໘Λൃݟͨ͠Βίϐʔઌͷ࠲ඪʹ৽ͨͳ൪߸Λ෇͚ɼखॱ̎ɼ̏Λ܁
Γฦ͠ߦ͏ʢਤ 6.10(f)ʣɽ
7. ݩը૾ͷશͯͷ఺ʹؔͯ͠ϥελʔεΩϟϯ͕ऴྃͨ͠ΒɼϓϩηεΛऴྃ͢Δ
ʢਤ 6.10(g)ʣɽ
্ड़ͷ 1ʙ7Λߦ͏ͱɼਤ 6.9͕ಘΒΕΔɽਤ 6.9ͷྖҬຖʹ֨ࢠ఺ͷ૯਺ΛΧ΢ϯτ͠ɼ
ϑΣϧϛ໘ͷ֤அ໘ੵΛܭࢉͨ͠ɽ
6.2.4 ࿈݁ϑΣϧϛ໘ͱ̒ପԁମ໛ܕͷ࣓ؾ఍߅
ࣜ (6.17)ɼ(6.18)ɼ(6.30)͔Βɼ࿈݁ϑΣϧϛ໘ʢਤ 1.3(a)ʣͷ֯౓ґଘ࣓ؾ఻ಋ౓Λܭ
ࢉ͢Δɽܭࢉ৚݅͸࣍ͷҎԼͷ௨ΓͰ͋ΔɽT఺Λத৺ʹ±0.25gSbͷཱํମྖҬΛ 2003
ͷྖҬʹ෼ׂ͠ɼ؇࿨࣌ؒ τ ͱԹ౓ T ͸ɼͦΕͧΕ τ = 10−12sɼT = 50Kͱ͢Δɽిྲྀ
12ྡ઀͢Δ্Լࠨӈ̐ͭͷ఺ʹ͍ͭͯௐ΂Δ͜ͱΛ̐࿈݁ɼྡ઀͢Δ̔ͭͷ఺ʹ͍ͭͯௐ΂Δ͜ͱΛ̔࿈݁
ͱ͍͏ɽ
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ਤ 6.10: ྖҬ੒௕๏Λ༻͍ͨɼྖҬͷϥϕϦϯάखॱɽ
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ਤ 6.11: ࿈݁ϑΣϧϛ໘ͷԣ࣓ؾ఻ಋ౓ σ⊥ ͷ֯౓ґଘੑɿ࣓৔ͷେ͖͞ B= 0.0T (a)ɼ
0.1T (b)ɼ0.5T (c)ɽ࣓৔͸ BinBis໘಺Ͱճస (d)ɽ
ͷํ޲͸ Trigonal࣠ͱฏߦʢJ ∥Tri࣠ʣɼ࣓৔͸ Trigonal࣠ʹਨ௚ͳ໘಺Ͱճసͤ͞Δ
ʢਤ 6.11(d)ʣɽgSb͸ΞϯνϞϯͷٯ֨ࢠఆ਺ gSb = 1.4610A˚Ͱ͋Δ [76]ɽ
ܭࢉ݁ՌΛਤ 6.11ʹࣔ͢ɽB = 0TͰ͸֯౓ґଘੑΛࣔ͞ͳ͍͕ɼ࣓৔ͷ૿Ճʹैͬ
ͯڧ͍֯౓ґଘੑΛࣔ͢ʢਤ 6.11ʣɽ·ͨɼ࣓ؾ఍߅ͷ֯౓ґଘੑ͸ɼ̒ճରশੑΛ࣋
ͪɼφ = 30◦, 90◦, 150◦, 210◦, 270◦, 350◦ Ͱ࠷େ஋ΛͱΔɽ͜Ε͸ɼ࿈݁ϑΣϧϛ໘ͷ
ରশੑ͕൓ө͞Ε͍ͯΔɽ࿈݁ϑΣϧϛ໘͸ Trigonal࣠ʹର͠ɼ̏ճରশੑ (C3)Λ࣋ͭ
ʢਤ 6.11(d)ʣɽ࣓৔ʹରͯ͠ਨ௚ͳϑΣϧϛ໘ͷஅ໘͸ɼ+B ͱ −B Ͱಉ͡Ͱ͋Δ͔Βɼ
σ⊥(B) = σ⊥(−B)ͱͳΔ (C2)ɽϑΣϧϛ໘ͷ̏ճରশੑͱ࣓৔ʹର͢Δ̎ճରশੑ͔Βɼ
࣓ؾ఻ಋ౓ͷରশੑ͸ C6(= C2C3)ͱͳΓɼ֯౓ґଘੑͱͯ͠ݱΕΔɽ
࿈݁ϑΣϧϛ໘ͷ࣓ؾ఻ಋ౓ͱൺֱ͢ΔͨΊɼପԁମΛTrigonal࣠ͷपғʹ̒ͭ഑ஔ͠
ͨ໛ܕʢਤ 6.12ʣͷ࣓ؾ఻ಋ౓Λܭࢉ͢Δɽ֤ପԁମ͸Trigonal࣠ʹରͯ͠ 30◦܏͍͍ͯ
Δɽ͜ͷ܏͖͸ɼ࿈݁ϑΣϧϛ໘ͷಥى͕ Trigonal࣠ʹରͯ͠ 24◦܏͍͍ͯΔ͔Β [76]ɼ
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ͦΕʹ߹ΘͤΔͨΊʹପԁମ໛ܕ΋ 30◦܏͚ͨɽ࢖༻ͨ̒͠ପԁମ໛ܕͷΤωϧΪʔΛҎ
Լʹࣔ͢13ɽ
P1,4 :
ε1,4
εSb
=
0.06
εSb
− 4K2x +
3
4
[
√
3(Ky ∓ 3
20
) + (Kz ± 1
5
)]2
+
25
300
[−(Ky ∓ 3
20
) +
√
3(Kz ± 1
5
)]2 (6.31)
P2,5 :
ε2,5
εSb
=
0.06
εSb
− [−(Kx ± 3
√
3
40
) +
√
3(Ky ± 3
40
)]2
+
3
4
[
√
3
2
(−√3(Kx ± 3
√
3
40
)− (Ky ± 3
40
)) + (Kz ± 1
5
)]2
+
25
300
[−1
2
(−√3(Kx ± 3
√
3
40
)− (Ky ± 3
40
)) +
√
3(Kz ± 1
5
)]2 (6.32)
P3,6 :
ε3,6
εSb
=
0.06
εSb
− [−(Kx ∓ 3
√
3
40
)−√3(Ky ± 3
40
)]2
+
3
4
[
√
3
2
(
√
3(Kx ∓ 3
√
3
40
)− (Ky ± 3
40
)) + (Kz ± 1
5
)]2
+
25
300
[−1
2
(
√
3(Kx ∓ 3
√
3
40
)− (Ky ± 3
40
)) +
√
3(Kz ± 1
5
)]2 (6.33)
ͨͩ͠ɼεSb = !2g2Sb/me ∼ 16.26eVͰ͋Δɽ
ࣜ (6.31)ʙ(6.33)ͷ໛ܕ͔ΒಘΒΕΔ࣓ؾ఻ಋ౓͸ɼ࿈݁ϑΣϧϛ໘ͱಉ̒͡ճରশͷ
֯౓ґଘੑΛࣔ͢ʢਤ 6.13(a)ʣɽ͔͠͠ɼ࿈݁ϑΣϧϛ໘ͱҟͳΓɼ࣓ؾ఻ಋ౓ͷେ͖
͞͸ φ = 0◦, 60◦, 120◦, 180◦, 240◦, 300◦Ͱ࠷େͱͳΔɽ࿈݁ϑΣϧϛ໘ͱ̒ପԁମ໛ܕ
ͷ࣓ؾ఻ಋ౓ʹ͓͚Δ֯౓ґଘੑͷҧ͍͸ɼ࣍ͷΑ͏ʹཧղ͢Δ͜ͱ͕Ͱ͖ΔɽBinary,
Bisectrix, Trigonalํ޲ʹର͢Δқಈ౓ͷฏۉΛͦΕͧΕ µbin, µbis, µtriͱ͢Δɽқಈ౓ς
ϯιϧͷඇର֯੒෼͸ର֯੒෼ʹൺ΂े෼খ͍͞ͱͯ͠ߟ͑Δͱɼԣ࣓ؾ఻ಋ౓ σ⊥͸࣍
ࣜͰۙࣅ͢Δ͜ͱ͕Ͱ͖Δɽ
σ⊥(B//Bin) ∼ µtri1 + µbisµtriB2 (6.34)
σ⊥(B//Bis) ∼ µtri1 + µbinµtriB2 (6.35)
̒ପԁମ໛໛ܕͷ P1,4ʹ஫໨͢Δʢࣜ (6.13)ʣɽP1,4͸ Bisectrixํ޲ʹ৳ͼ͍ͯΔͷͰɼ
µbis < µbinͰ͋Δ14ɽ͜ͷͱ͖ɼσ⊥(B ∥ Bin) > σ⊥(B ∥ Bis)ͱͳΔɽҰํͰɼ࿈݁ϑΣ
ϧϛ໘Λ̒ͭͷପԁମͷ࿨ͰͰ͖͍ͯΔͱߟ͑Δʢਤ 6.14ʣɽਤ 6.14ͷ h1ͱ h2ʹ஫໨
13ࣜ (6.31)-(6.33)͸ɼਤ 6.12ͷϑΣϧϛ໘Λ࡞ΔͨΊʹ༻͍ͨࣜͰ͋Γɼಛʹ෺ཧతͳҙຯ͕͋ΔΘ͚Ͱ
͸ͳ͍ɽ
14Bisectrixํ޲ʹ৳ͼ͍ͯΔͱ͍͏͜ͱ͸ɼ༗ޮ࣭ྔmbis > mbin Ͱ͋Δɽµ = eτ/mͱ͢Δͱɼ༗ޮ࣭
ྔͷେখؔ܎͕൓స͢ΔͷͰɼµbis < µbin ͱͳΔɽ
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ਤ 6.12: ̒ପԁମ໛ܕɿ࿈݁ϑΣϧϛ໘ͱൺֱ͢ΔͨΊɼପԁମͷ܏͖͸࿈݁ϑΣϧϛ໘
ʢਤ 1.3ʣͷಥىͷํ޲ͱಉ͡ʹͨ͠ɽ
ਤ 6.13: ̒ପԁମ໛ܕʹ͓͚Δ࣓ؾ఻ಋ౓֯౓ґଘੑɿ(a)ԣ࣓ؾ఻ಋ౓ σ⊥ (b)̒ପԁ໛
ܕͱ࣓৔ͷؔ܎ɽ࿈݁ϑΣϧϛ໘ͱ͸ҟͳΓɼφ = 0◦, 60◦, 120◦, 180◦, 240◦, 300◦Ͱ࠷େ
஋Λ࣋ͭɽB= 1Tɼ؇࿨࣌ؒ τ = 1.0× 10−12sɽ
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ਤ 6.14: ࿈݁ϑΣϧϛ໘ͷ෼ղɿ࿈݁ϑΣϧϛ໘͸ h1-h6ͷ
͢Δͱɼқಈ౓͕ µbin < µbisͱͳΓɼ఻ಋ౓͕ σ⊥(B ∥ Bis) > σ⊥(B ∥ Bin)ͱͳΔɽ6ପ
ԁମ໛ܕͷϑΣϧϛ໘ͱ࿈݁ϑΣϧϛ໘Ͱ͸қಈ౓ςϯιϧͷର֯੒෼ͷେখ͕ҟͳΔ͜
ͱ͔Βɼ఻ಋ౓͕࠷େʹͳΔ֯౓ʹζϨ͕ੜͨ͡ɽ
ຊݚڀͰ͸ిࢠͷ࣓ؾ఍߅Λܭࢉ͓ͯ͠Βͣɼຊ࿦ͷ݁Ռ͚ͩͰϑΣϧϛ໘Λܾఆ͢Δ
͜ͱ͸Ͱ͖ͳ͍ɽ·ͨɼ؇࿨࣌ؒͷҟํੑ΋ߟྀ͍ͯ͠ͳ͍͜ͱͳͲɼෆे෼ͳ఺΋ଘࡏ
͢Δɽ͜ΕΒͷޮՌΛߟྀ͢Δ͜ͱͰɼΞϯνϞϯͷ࣓ؾ఍߅Λܭࢉ͢Δ͜ͱͰɼΑΓ࣮
ݧͱൺֱՄೳͳ֯౓ґଘ࣓ؾ఍߅Λܭࢉ͢Δ͜ͱ͕Ͱ͖Δɽ
6.2.5 ࿈݁ϑΣϧϛ໘ͱ̒ପԁମ໛ܕͷ de Haas–van Alphenৼಈ
લઅͰߦͳͬͨϑΣϧϛ໘அ໘ੵͷܭࢉΛԠ༻͢Δ͜ͱͰɼde Haas–van Alphenৼಈ
ʢdHvAʣͷ֯౓ґଘੑΛཧ࿦తʹܭࢉ͢Δ͜ͱ͕ՄೳͱͳͬͨɽຊઅͰ͸ɼεF = 30meV
ͷ࿈݁ϑΣϧϛ໘ʢਤ 6.15ʣͱ̒ପԁମ໛ܕʢਤ 6.12ʣʢਤ 6.15ʣͷ֯౓ґଘ dHvAʹͭ
͍ͯٞ࿦͢Δɽ
de Haas–van Alphenৼಈͷ൒ݹయతղऍ
Onsagerͷཧ࿦Ͱ͸ɼҰཻࢠͷ൒ݹయతͳඳ૾ΛԾఆ͍ͯ͠Δ [155]ɽ൒ݹయతͳඳ૾
ʹ͓͍ͯ̏࣍ݩͷ࣓৔தిࢠͷӡಈํఔࣜʢࣜ (6.19)ʣ͔Βɼ
!(k − k0) = −e (R−R0)×B (6.36)
͕ಘΒΕΔɽk, R͸̏࣍ݩͷ೾਺ϕΫτϧͱ࠲ඪϕΫτϧɼk0,R0͸ੵ෼ఆ਺Ͱ͋ΔɽҰ
ํͰɼ࣓৔ʹਨ௚ͳ໘಺ͷӡಈྔ pͱҐஔ r͸ྔࢠԽ͞ΕΔɽϥϯμ΢ྔࢠ਺͕େ͖ͳి
ࢠͰ͸ϘʔΞʹκϯϚʔϑΣϧτͷྔࢠԽ৚݅∮
p · dr = 2π!(l + θ) (6.37)
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ਤ 6.15: εF = 30meVͷ࿈݁ϑΣϧϛ໘
͕దԠՄೳͰ͋Δɽดͨ͡ϑΣϧϛ໘ͷ৔߹ɼθ͸ 0 < θ < 1Λຬ࣮ͨ͢਺Ͱ͋Δ [150]ɽ15
࣓৔தిࢠ (ిՙ q = −e)ͷਖ਼४ڞ໾ͳӡಈྔπ = !k− eAͱيಓӡಈͷҐஔ࠲ඪ r = r′c
Λ༻͍Δͱࣜ (6.37)ͷࠨล͸∮
(!k − eA) · dr′c =
∮
!k · dr′c − e
∮
A · dr′c
=
∮
!k · dr′c − e
∫
S
(∇×A) · dS (6.38)
ͱͳΔɽS͸࣮ۭؒʹ͓͚Δిࢠͷيಓ͕ғΉ໘Ͱ͋ΓɼdS͸يಓ rcΛؚΉ໘ʹਨ௚ͳ
ϕΫτϧͰ͋Δɽఆ਺ k0,R0ͷपճੵ෼͸ “0”ͳͷͰɼࣜ (6.36)Λࣜ (6.38)ͷୈҰ߲ʹ
୅ೖ͢Δͱɼ ∮
!kdr′c =
∮
!(k − k0)dr′c
= −e
∮
[(R−R0)×B] · dr′c
= eB ·
∮
R× dr′c (6.39)
ͱͳΔ16ɽ࠲ඪΛR = rc + rH ͷΑ͏ʹ࣓৔ʹਨ௚ͳيಓӡಈͷϕΫτϧ rcͱɼ࣓৔ʹ
ฏߦͳํ޲ͷϕΫτϧ rH Ͱදݱ͢ΔɽrH × dr͸࣓৔ϕΫτϧʹରͯ͠ৗʹਨ௚ʹͳΔ
15ΤωϧΪʔ෼ࢄ͕೾਺̎৐ʹൺྫ͢ΔͳΒ͹ɼθ͸ݫີʹ 1/2ΛͱΔɽdHvAͰ͸ɼθ = 1/2Ͱ͋Δ͔Ͳ
͏͔͸ൺֱతॏཁͰ͸ͳ͍ [156]ɽ
16̎ߦ໨ͷಋग़ʹ͸ɼࣜ (6.38)ʹରͯ͠ετʔΫεͷఆཧΛ༻͍͍ͯΔɽ
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ͷͰɼrH ͷ߲͸θϩʹͳΔʢB · (rH × dr′c) = 0ʣɽ rcͷ߲͸ɼ࣮ۭؒͷيಓ rcͰғ·
ΕΔ໘ͷ໘ੵ αΛ༻͍ΔͱɼB · ∮ rc× dr′c = 2BαͱͳΔ17ɽࣜ (6.38)ͷୈೋ߲Λܭࢉ͢
Δͱ eBαͱͳΔ͔Βɼࣜ (6.38)͸
eBα = 2π!(l + θ) (6.40)
ͱͳΔɽ࣮ۭؒʹ͓͍ͯిࢠͷيಓͰғ·ΕͨྖҬͷ໘ੵ αͱ೾਺ۭؒͷيಓͰғ·Εͨ
ྖҬͷ໘ੵ a͸ α = (!/eB)2aͷؔ܎ʹ͋ΔͷͰɼࣜ (6.40)͔Βɼ
a(ε, kH) =
2πeB
! (l + θ). (6.41)
͕ಘΒΕΔɽ
࣓৔ʹରͯ͠ਨ௚ͳ೚ҙͷஅ໘Ͱిࢠ͸ӡಈ͍ͯ͠Δɽඇۃ஋அ໘ੵۙ๣Ͱ͸ಉ͡Τω
ϧΪʔΛ࣋ͬͨΩϟϦΞͷ਺͕গͳ͘ɼঢ়ଶີ౓͸খ͍͞ʢਤ 6.16(a)ʣɽҰํͰɼۃ஋அ
໘ۙ๣Ͱ͸ɼଟ͘ͷΩϟϦΞ͕ಉ͡ΤωϧΪʔΛ͍࣋ͬͯΔ͜ͱ͔Βɼঢ়ଶີ౓͕େ͖͍
ʢਤ 6.16(b)ʣɽ࣓৔ͷ૿ՃͰஅ໘ຖͷϥϯμ΢४Ґ͕ҰͭݮΔࡍʹɼঢ়ଶີ౓ͷେ͖ͳۃ
஋அ໘ۙ๣ͷӨڹ͕ඇৗʹେ͖͍͜ͱ͔Βৼಈʹରͯ͠ओཁͳӨڹΛٴ΅͍ͯ͠ΔɽҎ্
ͷΑ͏ʹɼdHvAৼಈ͸ϑΣϧϛ໘ͷۃ஋அ໘ੵΛܭࢉ͢Δ͜ͱͰɼཧ࿦తʹਪఆ͢Δ͜
ͱ͕ՄೳͰ͋Δɽϥϯμ΢ྔࢠ਺͕े෼େ͖͍࣌ɼl+1ͷϥϯμ΢४Ґͷόϯυ୺͕ϑΣ
ϧϛ४ҐΑΓ΋େ͖͘ͳΓɼ lͷϥϯμ΢४Ґͷόϯυ୺͕ϑΣϧϛΤωϧΪʔʹ઀͢Δ
·Ͱͷ࣓৔ͷपظ∆(1/B)͸ɼϑΣϧϛ໘ͷۃ஋அ໘ੵ SextΛ༻͍ͯ
∆
(
1
B
)
=
2πeB
!Sext
(6.42)
ͱͳΔɽ∆(1/B)ͷٯ਺Λৼಈ਺ F = (∆(1/B))−1ͱఆٛ͢Δͱ [156]
F = (∆(1/B))−1 =
!
2πe
Sext. (6.43)
ͱͳΔ18ɽ
ܭࢉ݁Ռ
ࣜ (6.43)͔ΒɼεF = 30meVͱͨ͠࿈݁ϑΣϧϛ໘ʢਤ 6.15ʣͷ dHvA֯౓ґଘੑΛ
ௐ΂Δɽ࿈݁ϑΣϧϛ໘ͷ dHvA֯౓ґଘੑΛܭࢉ͢ΔͨΊʹɼT఺த৺ʹ±0.26gSbͷ
ཱํମྖҬͷཱํମྖҬΛ࡞Δɽ࣓৔ͷճసͱͱ΋ʹཱํମྖҬΛ܏͚ͳ͕Βɼ࣓৔ํ޲
17rc = (rcx, rcy, 0), dr
′
c = (dr
′
cx, dr
′
cy, 0)ͱ͢Δͱɼ∣∣∣∣∮ rc × dr′c∣∣∣∣ = ∮ (rcxdr′cy − rcydr′cx)
ͱͳΔɽάϦʔϯͷఆཧΛ༻্͍ͯࣜΛܭࢉ͢Δͱɼ௚ͪʹ 2α͕ಘΒΕΔɽ
18∆(1/B)ΛपظͱݺͿ͜ͱ͔ΒɼF ͸ৼಈ਺ͱݺ͹Ε͍ͯΔɽͨͩ͠ɼ୯Ґ͸ςεϥ (T)Ͱ͋Δɽ
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ਤ 6.16: ϑΣϧϛ໘அ໘ͱঢ়ଶີ౓ͷؔ܎ɿ (a)ඇۃ஋அ໘ʢbʣۃ஋அ໘ɿඇۃ஋அ໘
ۙ๣Ͱ͸ kz ʹର͢Δ εFͷมԽ͕େ͖͘ɼঢ়ଶີ౓͕খ͘͞ͳΔ (a)ɼҰํͰɼۃ஋அ໘
ۙ๣Ͱ͸ kz ͷมԽʹରͯ͠ εͷมԽ͸খ͍͜͞ͱ͔Βɼঢ়ଶີ౓͕େ͖͘ͳΔ (b)ɽ
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ʹਨ௚ͳஅ໘Λܭࢉͨ͠ɽ࣓৔ʹਨ௚ͳฏ໘಺ʹ͓͚Δ೾਺ͷࠁΈ͸ “256×256”ɼ࣓৔ʹ
ฏߦͳํ޲ͷ೾਺ͷࠁΈ͸ “128”ͱͨ͠ʢҎޙ͸ɼ࣓৔ʹਨ௚ͳฏ໘Λ xyฏ໘ʢkxky ฏ
໘ʣɼ࣓৔ʹฏߦͳํ޲Λ zํ޲ʢkz ํ޲ʣͱݺͿʣɼ
࿈݁ϑΣϧϛ໘ʢਤ 6.15ʣʹ͓͚Δ dHvA֯౓ґଘੑΛΈΔͱɼTrigonal࣠ͱฏߦͳ
࣓৔Ͱ͸ɼೋͭͷप೾਺ F ∼ 23, 50TΛࣔ͢ʢਤ 6.17(a),(b)ʣɽF ∼ 23T͸ɼT఺ΛؚΉ
໘಺ʢkz=0ʣͰϑΣϧϛ໘Λ੾ͬͨஅ໘͔ΒಘΒΕΔप೾਺ʢਤ 6.18(a)ʣɼF ∼ 50T͸
kz = ±0.0365gSbͷஅ໘͔ΒಘΒΕΔप೾਺Ͱ͋Δʢਤ 6.18(b),(c)ʣɽTrigonal͔࣠Β࣓
৔Λ܏͚Δͱ F ∼ 23, 50Tͷप೾਺͸ͦΕͧΕɼα,β, γ, δͷ࢛ͭͷࢬʹ෼ذ͢Δɽαͱ β
ʹ෼ذ͢Δͷ͸ɼਤ 6.18(b),(c)ͷϑΣϧϛ໘ͷஅ໘ 1,3ͱɼஅ໘ 2͕࣓৔Λ܏͚ͨ࣌ʹɼ
ҟͳΔஅ໘ʹͳΔ͔Βͩɽγͱ δʹ෼ذ͢Δͷ͸ɼਤ 6.18(a)ͷϑΣϧϛ໘ͷஅ໘ 2-5ͱɼ
அ໘ 1,6͕࣓৔Λ܏͚ͨࡍʹҟͳΔஅ໘ʹͳΔ͔ΒͰ͋Δɽαͱ γ͕΄΅ฏߦͳۂઢͰ͋
Γɼβͱ δ΋΄΅ฏߦͳۂઢͱͳ͍ͬͯΔɽ
̒ପԁମ໛ܕʹ͓͚Δ dHvAͷ֯౓ґଘੑΛਤ 6.19ʹࣔ͢ɽਤ 6.19(a)ͱਤ 6.17(a)Λ
ൺֱ͢ΔͱɼTrigonal࣠ۙ๣ͷ;Δ·͍͕େ͖͘ҟͳΔɽਤ 6.19(a)Ͱ͸Trigonal࣠ۙ๣
Ͱ̎ͭͷࢬ͔͠ଘࡏ͠ͳ͍ɽ͜ͷ͜ͱ͔ΒɼΞϯνϞϯͷਖ਼޸ϑΣϧϛ໘͸ɼTrigonal࣠
ۙ๣ͷ dHvAͷ֯౓ґଘੑΛଌఆͨ͠ࡍͷࢬͷ਺͔Β൑அ͢Δ͜ͱ͕Ͱ͖Δɽ
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ਤ 6.17: (a)εF = 30meVʹ͓͚Δ࿈݁ϑΣϧϛ໘ͷ dHvA֯౓ґଘੑʢbʣ࣓৔ͷճసͱ
࿈݁ϑΣϧϛ໘ͷؔ܎
6.2. ΞϯνϞϯ 123
ਤ 6.18: B//Triʹ͓͚ΔϑΣϧϛ໘அ໘ɿ (a)kz = 0ʢbʣkz = −0.0365gSbʢcʣkz =
+0.0365gSbʢdʣ̏࣍ݩۭؒʹ͓͚Δ (a)ʙ(c)ͷஅ໘ʹҐஔɽ֤ਤͷஅ໘ྖҬͷ৭෼͚͸ɼ
ਤຖʹࣗಈͰߦ͍ͬͯΔɽ(b)ͷ੺͘ృΒΕͨྖҬͱɼ(c)ͷ੺͘ృΒΕͨྖҬ͕࿈ଓ͠
ͯܨ͕͍ͬͯΔΘ͚Ͱ͸ͳ͍ɽஅ໘͕࿈ଓ͍ͯ͠Δ͔Ͳ͏͔͸ɼ࠲ඪ (kx, ky)Ͱࣝผͯ͠
͍Δɽ
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ਤ 6.19: ̒ପԁମ໛ܕ (a) dHvAͷ֯౓ґଘੑ (b) ࣓৔ͷճసͱϑΣϧϛ໘ͷؔ܎
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ຊݚڀ͸ɼσΟϥοΫిࢠܥ൒ۚଐͷ࣓ؾ఍߅ʹରͯ͠ (1)σΟϥοΫిࢠͷ༗ޮ໛ܕ
Λ΋ͱʹ࣓ͨ͠ؾ఍߅ͷݚڀͱɼ(2)ڧଋറۙࣅ໛ܕΛ΋ͱʹͨ֯͠౓ґଘ࣓ؾ఍߅ͱϑΣ
ϧϛ໘ͷղੳͷೋͭʹ෼͔ΕΔɽ(1)Ͱ͸ɼσΟϥοΫిࢠͷ༗ޮ໛ܕͰ͋ΔWolﬀ໛ܕ
Λ΋ͱʹɼ൒ݹయతͳϘϧπϚϯཧ࿦ʹै࣓ͬͨؾ఍߅ͷղੳతͳࣜʢ3.22ʣΛ࠶ಋग़͠
ͨɽऑ࣓৔ʹ͓͍ͯࣜ (3.22)ͷܭࢉ݁Ռ͸ٱอެࣜʹج࣓ͮ͘ؾ఍߅ʢࣜ (2.57)ɼ(4.29)ɼ
(4.30)ʣͱఆྔతʹҰகͨ͜͠ͱ͔ΒɼຊݚڀʹΑͬͯɼσΟϥοΫిࢠͷϘϧπϚϯཧ
࿦ͱٱอཧ࿦ͷ࣓ؾ఍߅ʹଘࡏ͢ΔΪϟοϓΛऔΓআ͘͜ͱ͕Ͱ͖ͨɽࣜ (3.22)தͷิ
ਖ਼ λεF = ∆/εF ͸ɼఆੑతʹ͸ࣗ༝ిࢠͷ࣓ؾ఍߅ΛมԽͤ͞ͳ͍͕ɼఆྔతʹࣗ༝ి
ࢠͷ࣓ؾ఍߅ΛมԽͤ͞Δ͜ͱ͕Θ͔ͬͨɽσΟϥοΫిࢠͷ࣓ؾ఍߅ͷ࣮ݧσʔλΛࣗ
༝ిࢠͷࣜͰղੳ͢ΔͱɼσΟϥοΫిࢠຊདྷͷқಈ౓ µΛ λεF Ͱิਖ਼ͨ͠஋ λεFµΛಘ
ͯ͠·͏ɽ࣓ؾ఍߅ͷܭࢉɾ࣮ݧσʔλͷղੳͰ͸қಈ౓ͷ୅ΘΓʹϑΣϧϛ଎౓ vFͱ
ϑΣϧϛ೾਺ kFΛ༻͍ͨղੳΛߦ͏৔߹΋͋ΔɽσΟϥοΫిࢠͷ࣓ؾ఍߅ݚڀʹ͓͍
ͯɼқಈ౓ͱ vF, kFͲͪΒΛ༻͍Δ͔஫ҙ͕ඞཁͰ͋Δɽྔࢠۃݶͷ࣓ؾ఍߅Ͱ͸ɼ൒ۚ
ଐͷ࣋ͭΩϟϦΞີ౓ͷ࣓৔ґଘੑΛߟྀ͢Δ͜ͱʹΑΓɼڧ࣓৔Ͱ΋ɼϘϧπϚϯཧ࿦
ͱٱอཧ࿦ʹجͮ͘ܭࢉ͕ྔࢠৼಈΛআ͍ͯ׬શʹҰக͠ɼྔࢠۃݶͷ࣓ؾ఍߅ͷ;Δ·
͍͕มԽ͢Δ͜ͱΛ໌Β͔ʹͨ͠ɽ͜ΕʹΑΓɼैདྷͷཧ࿦ͱ͸ҟͳΔΞϓϩʔνͰ൒ۚ
ଐͷઢܗ࣓ؾ఍߅Λઆ໌͢Δ͜ͱ͕Ͱ͖ͨɽ·ͨɼϏεϚεͷిࢠঢ়ଶʢਤ 5.4 ʣΛߟྀ
͠ɼࣜ (3.22)Λ༻͍ͯTrigonal࣠ํ޲ʹ࣓৔ΛҹՃͨ͠ϏεϚεͷ࣓ؾ఍߅͢Δ͜ͱͰɼ
B = 15 ∼ 30Tͷ࣓ؾ఍߅ͷ;Δ·͍Λఆྔతʹઆ໌͢Δ͜ͱ͕Ͱ͖ͨɽ͜ͷ݁Ռ͸͜Ε·
Ͱ໌Β͔ͱͳ͍ͬͯͳ͔ͬͨɼϏεϚεͷྔࢠۃݶʹ͓͚Δқಈ౓ͷ࣓৔ґଘੑͷݪҼ͕
λεF ʹ༝དྷ͢ΔՄೳੑΛ͍ࣔࠦͯ͠Δɽͨͩ͠ɼϏεϚεͷ࣓ؾ఍߅ʹ͍ͭͯɼB > 30Tɼ
B ∥Trigonal࣠ͷ࣓ؾ఍߅͸ఆྔతʹҰக͍ͯ͠ͳ͍ɽ·ͨɼB ∥Binary-ɼBisectrix࣠ͷ
࣓ؾ఍߅ʹ͍ͭͯ͸ܭࢉ͍ͯ͠ͳ͍ͳͲɼ໰୊͕࢒͞Ε͍ͯΔɽ͜ΕΒʹ͍ͭͯ͸ɼϏε
Ϛεͷ༗ޮ࣭ྔɼ༗ޮ gҼࢠͳͲͷϑΟοςΟϯά΍ɼқಈ౓ͷ࣓৔ґଘੑʹؔ͢Δ͞Β
ʹৄࡉͳղੳ͕ඞཁͰ͋Δɽ
σΟϥοΫిࢠͷ࣓ؾ఍߅ʢࣜ (3.22)ʣ΍ΩϟϦΞີ౓ͷ࣓৔ґଘੑʢn(B), p(B)ʣ͸
ϏεϚεҎ֎ͷσΟϥοΫిࢠܥ෺࣭ͷ࣓ؾ఍߅Λܭࢉ͢Δࡍʹ΋Ԡ༻Ͱ͖Δɽຊݚڀͷ
ܭࢉΛ༻͍Δ͜ͱʹΑΓɼσΟϥοΫిࢠܥ෺࣭ͷ࣓ؾ఍߅ͷݚڀ͕ൃల͢Δ͜ͱ͕ظ଴
Ͱ͖Δɽ
(2)ͷݚڀͰ͸ɼ೚ҙͷ࣓৔ͱΤωϧΪʔʹରͯ͠࢖༻Մೳͳ࣓ؾ఍߅ͷࣜΛ࠶ಋग़͠ɼ
όϯυܭࢉ͔Β࣓ؾ఍߅Λܭࢉ͢Δख๏Λ։ൃͨ͠ɽLiu-Allen໛ܕͷϑΣϧϛ໘͔ΒϏ
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εϚεͷ࣓ؾ఍߅Λܭࢉ͠ɼઌߦݚڀͷ࣮ݧͱཧ࿦ܭࢉͷ݁Ռͱಉ༷ͷ֯౓ґଘ࣓ؾ఍߅
ΛಘΒΕͨ [9]ɽΞϯνϞϯͷਖ਼޸ϑΣϧϛ໘ʹ͍ͭͯɼ࿈݁ϑΣϧϛ໘ͱ̒ପԁମ໛ܕ
ͷ࣓ؾ఍߅Λܭࢉ͠ɼೋͭͷ໛ܕ͸ҟͳΔ֯౓ґଘ࣓ؾ఍߅Λ࣋ͭ͜ͱΛ໌Β͔ʹͨ͠ɽ
·ͨɼ࿈݁ϑΣϧϛ໘ͱ̒ପԁମͷ֯౓ґଘ dHvAΛཧ࿦తʹܭࢉ͠ɼTrigonai࣠ํ޲ۙ
๣ʹ͓͍ͯͦΕͧΕͷ໛ܕʹ͓͚Δ dHvAͷ;Δ·͍ʹҧ͍͕͋Δ͜ͱΛ໌Β͔ʹͨ͠ɽ
ຊݚڀ͸ਖ਼޸ϑΣϧϛ໘ͷΈΛܭࢉ͕ͨ͠ɼిࢠϑΣϧϛ໘ʹ͍ͭͯ΋ܭࢉ͢Δ͜ͱͰɼ
ΞϯνϞϯͷϑΣϧϛ໘Λܾఆ͢Δ͜ͱ͕Ͱ͖Δɽ
ຊݚڀͰ։ൃͨ֯͠౓ґଘMRͱ֯౓ґଘ dHvAͷख๏ΛୈҰݪཧܭࢉͱ૊Έ߹Θͤ
Δ͜ͱʹΑΓɼ৽෺࣭ͷMR΍ dHvAͷ࣮ݧ݁ՌΛཧ࿦తʹ༧ଌ͠ɼ࣮ݧܭըͷཱҊ΍݁
Ռͷղੳ͕༰қʹߦ͑ΔΑ͏ʹͳͬͨɽ͜ͷख๏Λ༻͍Δ͜ͱʹΑΓɼ͞·͟ͳ෺࣭ͷݚ
ڀ͕ൃల͢Δ͜ͱ͕ظ଴Ͱ͖Δɽ
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ຊത࢜࿦จ͸ୈ 3ষͰ൒ݹయతͳσΟϥοΫిࢠͷ࣓ؾ఍߅ͷࣜΛಋ͖ɼୈ 4ষͰٱอ
ެࣜͷܭࢉ݁ՌͱͷൺֱΛߦͬͨޙɼୈ 5ষͰϏεϚεͷ࣓ؾ఍߅ʹ͍ͭͯఆྔతͳઆ໌
Λͨ͠ɽ͔͠͠ɼຊݚڀ͸ୈ 3ষͷݚڀʹࢸΔ·ͰɼԕճΓΛ͖ͯͨ͠ɽຊ෇࿥Ͱɼචऀ
ͷԕճΓͨ͠ܦݧΛઆ໌͢Δɽ͜ͷ෇࿥ΛಡΜͩଔݚੜ΍म࢜ͷֶੜ͕ɼͲͷΑ͏ʹݚڀ
ΛਐΊ͍ͯ͘ͷ͔ɼͦͷΠϝʔδ͕࣋ͯΔ͜ͱΛظ଴͢Δɽ
ຊݚڀͷୈ 3ষʹࢸΔ·Ͱʹɼਤ A.1ʹࣔ͢ྲྀΕͰݚڀΛߦͬͨɽຊݚڀ͸ɼϏεϚ
εͷྔࢠۃݶʹ͓͚Δҟৗͳ࣓ؾ఍߅ͷ;Δ·͍Λઆ໌͢ΔͨΊɼσΟϥοΫిࢠͷٱอ
ެࣜʹج࣓ͮ͘ؾ఍߅ʢࣜ (4.29)-(4.34)ʣͷܭࢉΛ࠷ॳʹߦͬͨʢਤ A.1ͷ̍ஈ໨ʣɽ൒
ݹయతͳϘϧπϚϯཧ࿦ʹجͮ͘ܭࢉ͸ɼྔࢠྗֶతͳੑ࣭͕ݦஶʹͳΔྔࢠۃݶʹ͓͍
ͯదԠͰ͖ͳ͍ͱߟ͑ͨ͜ͱ͔Βɼ࠷ॳʹٱอެࣜʹجͮ͘ܭࢉΛߦͬͨͷͰ͋Δɽ͔͠
͠ɼσΟϥοΫిࢠͷٱอެࣜʹج࣓ͮ͘ؾ఍߅ͷࣜͰϏεϚεͷ࣓ؾ఍߅Λܭࢉ͢Δͱɼ
࣓ؾ఍߅͕ྔࢠۃݶͰϐʔΫΛ࣋ͪɼ࣮ݧ݁Ռʢਤ 1.1ʣͱେ͖͘ҟͳΔ;Δ·͍Λͨ͠
ʢਤ A.2ʣɽෆ७෺ϙςϯγϟϧͳͲͷύϥϝʔλΛௐ੔͕ͨ͠ɼ࣮ݧ݁ՌΛઆ໌͢Δ͜ͱ
͕Ͱ͖ͳ͔ͬͨɽ͜ͷ͜ͱ͔ΒɼΑΓ؆୯ͳ໛ܕͰϏεϚεͷ࣓ؾ఍߅ͷܭࢉΛߦ͍ɼ࣓
ؾ఍߅ͷશମ૾Λ͔ͭ΋͏ͱߟ͑ͨɽ
̎൪໨ʹɼࣗ༝ిࢠͷϘϧπϚϯํఔࣜʹج࣓ͮ͘ؾ఍߅ͷࣜʢࣜ (3.23)ʣΛ༻͍ͯɼ
ϏεϚεͷ࣓ؾ఍߅Λܭࢉͨ͠ʢਤ A.3ʣɽਤ A.3͔ΒΘ͔ΔΑ͏ʹɼٱอެࣜͷܭࢉ݁
Ռʢਤ A.2ʣʹൺ΂࣮ݧ݁Ռʹ͍ۙ;Δ·͍͍ͯ͠Δ͕ɼఆྔతͳҰகΛࣔ͞ͳ͔ͬͨɽ
ࣜ (3.23)Ͱқಈ౓ͳͲͷύϥϝʔλϑΟοςΟϯάΛߦ͏தͰɼࣗ༝ిࢠͷϘϧπϚ
ϯํఔࣜʹج࣓ͮ͘ؾ఍߅ʢࣜ (3.23)ʣͱσΟϥοΫిࢠͷٱอެࣜʹج࣓ͮ͘ؾ఍߅
ʢࣜ (4.29)-(4.34)ʣ͕Ұக͢Δͷ͔֬ೝ͢Δ΂͖ͩͱߟ͑ͨɽͦͷΑ͏ʹߟ͑ͨཧ༝͸࣍
ͷ௨ΓͰ͋Δɽऑ࣓৔ʹ͓͍ͯɼϘϧπϚϯཧ࿦ͱٱอެࣜͷܭࢉ͸Ұக͠ͳ͚Ε͹ͳΒ
ͳ͍1ɽࣜ (3.23)͸ࣗ༝ిࢠʹର͢Δٱอެࣜͷܭࢉ2ͱҰக͢Δ͕ɼσΟϥοΫిࢠͷ݁
ՌͱҰக͢Δอূ͸ͳ͍ͱߟ͑ͨɽͦͯ͠ɼࣗ༝ిࢠͷϘϧπϚϯํఔࣜʹج࣓ͮ͘ؾ఍
߅ͱσΟϥοΫిࢠͷٱอެࣜʹج࣓ͮ͘ؾ఍߅Λൺֱͨ݁͠Ռɼऑ࣓৔ʹ͓͍ͯೋͭͷ
ܭࢉ݁Ռ͸ఆྔతʹҰக͠ͳ͔ͬͨͷͰ͋Δʢਤ 2.28ʣɽ
্ड़ͷٱอެࣜͱϘϧπϚϯཧ࿦ͷෆҰக͕໌Β͔ͱͳͬͨ͜ͱ͔Βɼ௚ͪʹୈ 3ষʹ
͓͚Δ࣓ؾ఍߅ͷࣜʢࣜ (3.22)ʣͷ࠶ಋग़Λߦͬͨɽࣜ (3.22)ͷܭࢉͱσΟϥοΫిࢠͷ
ٱอެࣜʹج࣓ͮ͘ؾ఍߅ʢࣜ (4.29)-(4.34)ʣͷܭࢉ͕ఆྔతʹҰகͨ͜͠ͱͰʢਤ 4.3ʣɼ
1ୈ 2ষͷ໰୊ఏى΋ࢀর
2ࣜ (2.57)ɼ(2.62)ɼ(4.13)ɼ(4.14)͔Βɼࣗ༝ిࢠͷٱอެࣜͷ࣓ؾ఍߅ΛಘΒΕΔɽ
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ディラック電子
久保公式
Biの異方性
自由電子
ボルツマン理論
Biの異方性
ディラック電子
久保公式
自由電子
ボルツマン理論不一致
ディラック電子
久保公式
ディラック電子
ボルツマン理論一致
不一致 実験
不一致 実験
ਤ A.1: ݚڀͷ࣌ܥྻϑϩʔνϟʔτɽຊ࿦จͰ͸ɼٱอެࣜͱϘϧπϚϯཧ࿦ʹجͮ͘
σΟϥοΫిࢠͷ࣓ؾ఍߅ͷൺֱ͸ɼୈ̐ষͰࣔͨ͠ʢਤ 4.4ʣɽ͔͠͠ɼݚڀͷ࣌ܥྻత
ʹ͸ɼୈ 3ষͷղੳΛߦ͏લʹൺֱΛߦ͍ͬͯͨɽ
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ਤ A.2: σΟϥοΫిࢠͷٱอެࣜʹجͮ͘ɼϏεϚεͷ࣓ؾ఍߅ͷܭࢉ݁Ռɽྔࢠۃݶ
ͰෆࣗવͳϐʔΫ͕ݟΒΕΔɽ
ਤ A.3: ࣗ༝ిࢠͷϘϧπϚϯཧ࿦ʹجͮ͘ϏεϚεͷ࣓ؾ఍߅ɽB > 2TͰɼཧ࿦஋ʢࢵʣ
͕࣮ݧ݁Ռʢ੺ʣʹൺ΂ͯఆྔతʹେ͖͍ɽ
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Α͏΍͘σΟϥοΫిࢠܥ෺࣭ͷ࣓ؾ఍߅Λఆྔతʹٞ࿦͢Δ͜ͱ͕Մೳʹͳͬͨɽ
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෺ཧྔͷܭࢉͰ͸ɼσΟϥοΫఆ਺ !΍ిؾૉྔ eͳͲ෺ཧఆ਺͕ొ৔͢Δɽ͜ΕΒ෺
ཧఆ਺ͷ஋͸ɼ! ∼ 10−34΍ e ∼ 10−19ͳͲඇৗʹখ͍͞ɽ਺஋ܭࢉͰ෺ཧఆ਺Λͦͷ·
·ܭࢉ͢ΔͱɼܻམͪʹΑΔޡࠩ΍஋ͷൃࢄͳͲͷ໰୊͕ൃੜ͢Δɽ͜ΕΒͷ໰୊Λճආ
͢ΔͨΊʹɼ਺஋ܭࢉͷ్தաఔͰ͸ແ࣍ݩԽͨ͠ܭࢉΛߦ͍ɼܭࢉ݁Ռͷग़ྗ࣌ʹܻͳ
ͲΛՃ͑Δɽ͜͜Ͱ͸ɼٱอެࣜͷ࣓ؾ఍߅ʢࣜ (4.29)-(4.34)ʣ΍ɼ֦ுσΟϥοΫ໛ܕ
ͷΤωϧΪʔ (ࣜ (5.2)ʣͳͲɼ͍͔ͭ͘ͷྫΛ༻͍ͯແ࣍ݩԽͷํ๏ʹ͍ͭͯઆ໌͢Δɽ
ͳ͓ɼແ࣍ݩԽ͞Εͨྔ͸ ε˜ͷΑ͏ʹه߸νϧμʢ˜ʣͰද͢ɽ
ΤωϧΪʔͷແ࣍ݩԽ
ΤωϧΪʔΛແ࣍ݩԽ͢Δ৔߹ɼج४ʹͳΔ஋ʢ͜͜Ͱ͸ɼ∆ʣͰΤωϧΪʔΛׂΔ͜
ͱͰɼແ࣍ݩԽ͞ΕͨΤωϧΪʔ ε˜ΛಘΔ͜ͱ͕Ͱ͖Δɽࣜ (5.2)͔Βɼແ࣍ݩԽ͞Εͨ
ΤωϧΪʔ ε˜͸࣍ͷΑ͏ʹද͞ΕΔ
ε˜ =
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∆
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√
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∆
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2
± 1
2
)
me
mc
β0B
∆
+
!2k2z
2mz∆
]
+ σ
g′β0B
4∆
. (B.1)
͜͜Ͱɼࣜ (B.1)தͷ෺ཧྔʹ͍ͭͯ୯ҐΛߟྀ͢Δɽྫ͑͹ɼβ0 = 0.1158(meV/T)Ͱ͋
Δ͜ͱ͔Βɼβ0 = β˜0(meV/T)ͱදه͢Δʢβ˜0 = 0.1158Ͱɼ਺஋Λද͢ʣɽಉ༷ʹɼόϯυ
Ϊϟοϓ∆ɼ࣓৔Bɼ༗ޮ࣭ྔmc,zΛͦΕͧΕ∆ = ∆˜(meV)ɼB = B˜(T)ɼmc,z = m˜c,zme
ͱ͓͘ͱ
β0B
∆
=
β˜0B˜
∆˜
(
meV/T · T
meV
)
= β˜∗0B˜ (B.2)
!2k2z
2mz∆
=
1
2m˜z
!2k2z
me∆
=
1
2m˜z
k˜2z (B.3)
ͱͳΔʢβ˜∗0 = β˜0/∆ɼk˜2z = !2k2z/me∆ʣɽ্͔ࣜΒࣜ (B.1)͸ɼ
ε˜ =
√√√√1 + 2[(l + 1
2
± 1
2
)
β˜∗0
m˜c
B˜ +
k˜2z
2m˜z
]
+ σ
g′β˜∗0B˜
4
(B.4)
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ͱද͞ΕΔɽ਺஋ܭࢉͷࡍʹɼ࣓৔ͷґଘੑΛݟΔ৔߹͸ B˜ɼ೾਺ͷมԽΛݟΔ৔߹͸ k˜2z
ΛมԽͤ͞Δɽ࣮ݧ݁ՌͱͷఆྔతͳൺֱΛߦ͏৔߹ɼε = ε˜∆Λ༻͍Δɽ
ٱอެࣜʹج࣓ͮ͘ؾ఍߅ͷແ࣍ݩԽ
ٱอެࣜʹج࣓ͮ͘ؾ఻ಋ౓ͷܭࢉʹ͓͍ͯ΋ɼΤωϧΪʔΪϟοϓΛج४ʹͨ͠ແ࣍
ݩԽΛߦͬͨɽ͜͜Ͱ͸ࣜ (4.29)ɼ(4.31)Λ༻͍ͯɼແ࣍ݩԽͷઆ໌Λߦ͏1ɽ·ͣɼQͷ
֤ཁૉʢF ,A, NLʣΛແ࣍ݩԽ͢Δɽແ࣍ݩԽ͞ΕͨྔΛ F˜ , A˜, N˜Lͱ͢Δͱɼࣜ (2.70)ɼ
(4.27)ɼ(2.87)͔Β
F(!ω) = ∆−1F˜(ω˜) (B.5)
A = ∆−2A˜ (B.6)
NL =
eB
2π! =
mc!ωc
2π!2
=
m˜cω˜c
2π
me∆
!2 = N˜L
me∆
!2 (B.7)
ͱͳΔ2ɽ্ࣜΑΓɼf1͸
f1 =
F˜(ω˜)
∆
A˜2
∆4
m˜cmeω˜c∆(l + 1) [(ε˜l+1σ + ε˜lσ + 2) + σ(ε˜l+1σ − ε˜lσ)]2∆2
=
me
∆2
f˜1 (B.8)
ͱͳΔɽv20 = ∆/mcΑΓɼࣜ (4.29)͸࣍ͷΑ͏ʹද͢͜ͱ͕Ͱ͖Δ
3
QDxx =
e2
8
∆2
m2c
N˜L
me∆
!2
∑
kz
me
∆2
f˜1
=
∆
!
e2
!
N˜L
8m˜c
∑
kz
f˜1. (B.9)
͜͜Ͱɼ཭ࢄ࿨
∑
k͸ຊ࣭తʹɼੵ෼
∫
ͱ౳͍͜͠ͱʹ஫໨͢Δɽ೾਺Λແ࣍ݩԽʢk˜2z =
!2k2z/me∆˜ʣ͢Δͱɼੵ෼ม਺ dkz ͸࣍ͷΑ͏ʹද͞ΕΔ
dkz =
√
me∆˜(meV)
! dk˜z. (B.10)
1f2, f3, f4 ʹ͍ͭͯ͸ɼf1 ͱಉ༷ͷखॱͰແ࣍ݩԽͰ͖ΔͷͰ͜͜Ͱ͸ׂѪ͢Δɽ
2ࣜ (B.5)-(B.7)ͷಋग़Ͱɼε˜ = ε/∆ͷଞʹɼω˜ = !ω/∆, ω˜c = !ωc/∆, N˜L = m˜cω˜c/2πɼΓ/∆ = Γ˜Λ༻
͍͍ͯΔɽ
3આ໌ͷ؆ུԽͷͨΊɼf2, f3, f4 ʹ͍ͭͯ͸লུͨ͠ɽ
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͜ΕΛߟྀ͢Δͱɼࣜ (B.9)͸ɼ
QDxx =
∆
!
e2
!
√
me(meV)
!
N˜L
√
∆˜
8m˜c
∑
k˜z
f˜1
=
∆
!
e2
!
√
me∆
! Q˜
D
xx (B.11)
Q˜Dxx =
N˜L
√
∆˜
8m˜c
∑
k˜z
f˜1 (B.12)
ͱͳΔɽࣜ (2.57)ʹ্ࣜΛ୅ೖ͢Δͱɼ
σxx(ω) = − 1
iω
∆
!
e2
!
√
me(meV)
! [Q˜
D
xx(ω˜)− Q˜Dxx(0)]
= − 1
iω˜
e2
!
√
me(meV)
! [Q˜
D
xx(ω˜)− Q˜Dxx(0)]
=
e2
!
√
me(meV)
! σ˜xx(ω˜) (B.13)
ͱͳΔɽ࣓ؾ఻ಋ཰ͷൺྫఆ਺Λ σ0ͱ͓͘ͱɼσ0͸
σ0 =
e2
!
√
me(meV)
! (B.14)
Ͱ͋Δɽిؾૉྔ eɼσΟϥοΫఆ਺ !ɼిࢠͷ੩ࢭ࣭ྔmeɼ1meV = 1.602×10−22JΛ
୅ೖ͠ܭࢉ͢Δͱɼσ0 =278.8 (Ω cm)−1͕ಘΒΕΔɽ
఻ಋ౓ͷແ࣍ݩԽɿੵ෼දࣔ
ϘϧπϚϯཧ࿦ʹج͍ͮͨੵ෼දࣔ͞Εͨ఻ಋ౓ʢࣜ (6.17)ʣʹ͍ͭͯແ࣍ݩԽΛߦ͏ɽ
࢝Ίʹɼ(−∂f0/∂ε)ɼviɼdkͳͲͷ֤ཁૉʹ͍ͭͯɼແ࣍ݩԽΛߦ͏ɽୈ̒ষͰ͸ɼ೾਺
͸ٯ֨ࢠ gͷఆ਺ഒΛ༻͍Δ͜ͱ͔Βɼk = gk˜ͱද͢͜ͱ͕Ͱ͖Δɽ·ͨɼΤωϧΪʔ ε
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͸ ε = ε˜(eV)ͱͳΔͷͰɼ֤ཁૉ͸࣍ࣜͷΑ͏ʹมܗͰ͖Δ
−∂f0
∂ε
=
1
kBT
exp ((ε− εF)/kBT )
(1 + exp ((ε− εF)/kBT ))2
=
1
kB(K)
1
T˜
exp ((ε− εF)/kBT )
(1 + exp ((ε− εF)/kBT ))2
=
1
kB(K)
(
−∂ε˜f˜0
)
(B.15)
vi =
(eV)
!g
∂ε˜
∂k˜i
=
(eV)
!g v˜i (B.16)
αij =
(eV)
!2g2
∂2ε˜
∂k˜i∂k˜j
=
(eV)
!2g2 α˜ij (B.17)
dk = g3dk˜. (B.18)
ిؾૉྔ e = e˜×10−19(C)ɼ࣓৔B = B˜(T)ɼ؇࿨࣌ؒ τ = τ˜×10−x(s)ͱ͓͘ͱɼࣜ (B.17)
͔Βɼ1ˆ− eτBˆαˆ͸
1ˆ− eτBˆαˆ = 1ˆ−
(
e˜
!˜g˜
)2
× 1010−xτ˜ ˆ˜B ˆ˜α (B.19)
ͱͳΔ4ɽ·ͨɼࣜ (B.15)-(B.16)ɼ(B.18)ɼ(B.19)͔Βࣜ (6.17)͸
σij =
2τ˜ g˜
(2π)3
∫
dk˜
(
−∂ε˜f˜0
)∑
v˜iv˜j
[(
1ˆ− c0 ˆ˜B ˆ˜α
)−1]
µj
× e˜
3
!˜2k˜B
1024−x(Ωcm)−1 (B.20)
c0 =
(
e˜
!˜g˜
)2
× 1010−x (B.21)
ͱͳΔɽ্͔ࣜΒɼൺྫఆ਺ σ0 = (e˜3/!˜2k˜B)× 1024−x(Ωcm)−1ͱͳΔɽ
dHvAͷৼಈ਺ F ͷແ࣍ݩԽ
ৼಈ਺ F ʹ͍ͭͯແ࣍ݩԽΛߦ͏ɼ೾਺ۭؒʹ͓͚Δஅ໘ੵ S ͸ɼ෺࣭ͷٯ֨ࢠͷେ
͖͞ g = 2π/aͷ̎৐ʹൺྫ͢Δʢa͸֨ࢠఆ਺ʣɽࣜ (6.43)͔Β
F =
g˜2
2π
S˜ext. × !˜
e˜
105(T) (B.22)
ͱͳΓɼൺྫఆ਺͸ !˜/e˜105(T)Ͱ͋Δ͜ͱ͕Θ͔Δɽͳ͓ɼແ࣍ݩԽ͞Εͨஅ໘ੵ S˜ext.͸
ϑΣϧϛ໘ͷ಺ଆʹ͋Δ֨ࢠ఺ͷ਺N ͱࠁΈ෯∆k˜iΛ༻͍ͯɼS˜ext. = ∆k˜x∆k˜yN ͱද͞
ΕΔɽ
4! = !˜ × 10−34(Js) = 1.05457, kB = k˜B × 10−5(eV/K) = 8.6173ʢ!˜ = 1.05457, k˜B = 8.6173ʣɼ
g = g˜(A˚
−1
) = g˜ × 1010(m−1)ɼ(eV)=e˜× 10−18(J)ɽ
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ΞϧΰϦζϜ
͜͜Ͱ͸ɼʮ6.2.5 ࿈݁ϑΣϧϛ໘ͱ 6ପԁମ໛ܕͷ de Haas–van Alphen ৼಈʯͰ༻͍ͨ
ܭࢉΞϧΰϦζϜʢਤ C.1ʣͷཁ఺Λઆ໌͢Δɽਤ C.1Ͱࣔ͢Α͏ʹɼdHvAͷܭࢉͰ͸ɼ
େ͖͘෼͚ͯ 1ʙ5ͷϓϩηεʹ෼͔ΕΔɽϓϩηε 1Ͱ͸ɼୈҰݪཧܭࢉ΍ڧଋറۙࣅ໛
ܕ͔Β஫໨͍ͯ͠Δܥͷిࢠঢ়ଶΛܭࢉ͠ɼϑΣϧϛ४Ґۙ๣ͷόϯυΛಘΔʢਤ 6.7ʣɽ
ಘΒΕͨόϯυʹରͯ͠ɼϑΣϧϛ४ҐΛᮢ஋ͱͨ͠ 2஋ԽॲཧΛߦ͏ʢਤ 6.8ʣɽϓϩη
ε 2Ͱ͸ɼ2஋Խॲཧ͞Εͨσʔλ͔ΒྖҬ੒௕๏ʢਤ 6.10ʣΛ༻͍ͯɼஅ໘ੵຖʹϥϕ
ϦϯάͱϑΣϧϛ໘಺ͷ֨ࢠ఺ͷΧ΢ϯτʢ໘ੵܭࢉʣΛߦ͏ʢਤ 6.9ɼC.2(a)ʣɽϓϩη
ε 3ͰܭࢉྖҬͷ୺ͱ઀͢Δ։͍ͨྖҬΛϥϕϦϯά͠ʢਤ C.2(b)ʣɼϓϩηε 4ͰϑΣ
ϧϛ໘֎ͷดͨ͡ྖҬͷϥϕϦϯάͱ֨ࢠ఺ͷΧ΢ϯτΛߦ͏ʢਤ C.2(c)ʣɽϓϩηε 3
ͱ 4Λߦ͏͜ͱͰɼ؀ͷ෦෼ͷ֎ଆʢਤ C.2(c)ͷྖҬ 1ͱ-1ͷڥքʣͱ಺ଆʢਤ C.2(c)
ͷྖҬ 1ͱ 2ͷڥքʣʹԊͬͯӡಈ͢Δਖ਼޸ͷྔࢠৼಈΛਖ਼֬ʹܭࢉ͢Δ͜ͱ͕Մೳͱͳ
Δ1ɽk∥ຖͷஅ໘ੵܭࢉऴྃޙɼϓϩηε 5ʹͯ਺஋ඍ෼Λߦ͍ۃ஋அ໘ੵΛಘΔɽຊݚ
ڀͷΞϧΰϦζϜΛԠ༻ɾ֦ு͢Δ͜ͱʹΑΓɼ[18, 157]ͳͲͷෳࡶͳϑΣϧϛ໘΍ Cu
ͷΑ͏ͳ։͍ͨϑΣϧϛ໘ͷྔࢠৼಈΛܭࢉ͢Δ͜ͱ͕Ͱ͖Δ2ɽ
ελοΫ
ຊݚڀͰ͸ྖҬ੒௕๏Λ༻͍ͯɼϥϕϦϯάΛߦͳͬͨɽ͜ͷϥϕϦϯά͢Δϓϩάϥ
ϜΛ fortranͰࣗ࡞͢ΔͨΊʹ͸ɼ“ελοΫ”ͱݺ͹ΕΔػೳΛ࣋ͬͨαϒϧʔνϯ͕ඞ
ཁͰ͋ΔɽελοΫͱ͸ɼσʔλΛϝϞϦ্΁Ұ࣌తʹอଘ͠ɼඞཁͳ࣌ʹσʔλΛऔΓ
ग़֨͢ೲݿͰ͋Γʢਤ C.3ʣɼσʔλΛੵΈॏͶ͍ͯ͘Α͏ʹอଘ͠ɼҰ൪্ʹੵ·Εͯ
͍ΔσʔλΛऔΓग़͢ػೳΛ࣋ͭ3ɽ
1dHvA ৼಈ͸ɼϑΣϧϛ໘ʹԊͬͯपճӡಈ͢Δిࢠʢਖ਼޸ʣͷيಓͰғ·Ε͍ͯΔྖҬͷஅ໘ੵ͔Β
ಘΒΕΔɽΑͬͯɼਤ C.2(c)ͷྖҬ 1ͷ֎ଆΛपճ͢Δిࢠͷৼಈ͸ɼϑΣϧϛ໘ͷ಺ଆʢྖҬ 1ʣͱ֎ଆ
ʢྖҬ 2ʣͷஅ໘ੵͷ࿨Λܭࢉͯ͠ٻΊΔ͜ͱ͕Ͱ͖Δɽ
2։͍ͨϑΣϧϛ໘ͷ dHvAৼಈ͸ɼຊݚڀͷܭࢉΞϧΰϦζϜʹରͯ͠ɼϒϦϧΞϯκʔϯͷपظੑΛ
ߟྀ֦ͨ͠ுΛߦ͏͜ͱͰɼܭࢉ͕ՄೳʹͳΔɽ
3อଘ͢Δ͜ͱΛ “ϓογϡμ΢ϯ”ɼσʔλΛऔΓग़͢͜ͱΛ “ϙοϓΞοϓ”ͱݺͿɽ
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ਤ C.1: ֯౓ґଘ dHvAৼಈͷܭࢉखॱͷΞϧΰϦζϜɽk⊥͸࣓৔ʹରͯ͠ਨ௚ͳ໘಺
ͷ೾਺੒෼ɼk∥͸࣓৔ͱฏߦͳ೾਺੒෼Ͱ͋Δɽ໌ه͍ͯ͠ͳ͍͕ɼϓϩηε 1ʙ4Ͱ͸
k⊥ΛมԽͤ͞ΔϧʔϓΛؚΜͰ͍ΔɽdHvAʹ͸ɼۃ஋அ໘ੵΛ༻͍ΔͷͰɼϓϩηε
1ʙ4Ͱɼk∥ຖͷஅ໘ੵΛܭࢉͨ͠ޙɼϓϩηε 5Ͱ਺஋ඍ෼Λߦ͍ۃ஋அ໘ੵΛಘΔɽ
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ਤ C.2: ਤ C.1ͷϓϩηε 2ʙ4ʹ͓͚ΔྖҬͷ෼ྨɽϓϩηε 2Ͱ͸ɼϑΣϧϛ໘ͷ಺
ଆʢ؀ͷ෦෼ʣ͕ϥϕϦϯά͞ΕΔʢ(a)ͷྖҬ 1ʣɽϓϩηε 3ͰܭࢉྖҬͷ୺ʹ઀͢Δ
ྖҬΛృΓͭͿ͢ʢ(b)ͷྖҬ-1ʣɽϓϩηε 4ͰྖҬ 1ʹғ·Εͨ෦෼ΛϥϕϦϯά͢Δ
ʢྖҬ 2ʣɽத৺ʹରͯ͠ྖҬ 1ͷ֎ଆΛपճ͢Δిࢠʢਖ਼޸ʣͷৼಈ͸ྖҬ 1ͱ 2ͷஅ໘
ੵͷ࿨͔ΒಘΒΕΔɽ·ͨɼྖҬ 1ͷ಺ଆΛपճ͢Δਖ਼޸ͷৼಈ͸ɼྖҬ 2ͷஅ໘ੵΛ༻
͍ͯܭࢉ͢Δɽ
ਤ C.3: ελοΫͷ֓ཁɽϓογϡ(push)Ͱ 7൪ͷσʔλͷ্ʹɼ8൪ͷσʔλ͕ੵΈॏ
ͶΒΕɼϙοϓΞοϓͰ 8൪ͷσʔλΛऔಘ͠ɼ7൪ͷσʔλ͕࠶ͼར༻ՄೳʹͳΔɽ
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ਤ C.4: அ໘ੵܭࢉΞϧΰϦζϜͷ֦ு࣌ʹ஫ҙ͢΂͖఺ɽ(a)ͷΑ͏ʹɼ֨ࢠ఺ʢࠇؙʣ
ͷฒͼͱ࣓৔ʹਨ௚ͳஅ໘ʢ࣮ઢʣͷ޲͖͕ಉ͡ͳΒɼஅ໘ੵܭࢉʢFSʹؚ·ΕΔ֨ࢠ
఺ͷΧ΢ϯτʣ͕Մೳ͕ͩɼ(b)ͷΑ͏ʹ֨ࢠ఺ͷฒͼͱ࣓৔ʹਨ௚ͳஅ໘ͷ޲͖͕ҟͳ
Δ৔߹ɼஅ໘ੵͷܭࢉ͕ෆՄೳͰ͋ΔɽҰํ޲ͷ࣓৔ํ޲ʹର͢ΔΤωϧΪʔͷܭࢉ͚ͩ
Λߦ͍ɼ࠲ඪม׵Λ༻͍ͯஅ໘ੵΛܭࢉ͠Α͏ͱ͢Δͱɼ(b)ͷঢ়گʹͳΔ͜ͱ͔Βɼద
౰ͳํ๏Λ༻͍ͯ֨ࢠ఺ؒͷ৘ใΛิ׬͠ɼஅ໘ੵͷܭࢉΛߦ͏ඞཁ͕͋Δɽ
ΞϧΰϦζϜͷվྑࢦ਑
ຊݚڀͰ։ൃͨ͠ΞϧΰϦζϜʢਤ C.1ʣ͸ɼ࣓৔ͷ֯౓ຖʹిࢠঢ়ଶΛܭࢉ͍ͯ͠Δɽ
֯౓ຖʹܭࢉ͢Δͷ͸ɼ֨ࢠ఺ͷฒͼͱ࣓৔ʹਨ௚ͳஅ໘ͷ޲͖Λৗʹଗ͑ΔͨΊʹඞཁ
ͳ͜ͱͰ͋Δ ʢਤ C.4(a)ʣɽ͔͠͠ɼ͜ͷํ๏Ͱ͸ෳࡶͳܥ4ʹͳΔఔɼܭࢉ͕࣌ؒ௕͘
ͳͬͯ͠·͏ɽ·ͨɼஅ໘ຖͷσʔλΛอଘ͢Δͱɼͦͷσʔλྔ͸๲େʹͳΔɽ͜ΕΛ
ճආ͢Δʹ͸ɼҰํ޲ͷ࣓৔ͷΤωϧΪʔΛܭࢉ͠ɼ࠲ඪม׵Λߦ͏ͳͲͷ޻෉Λߦ͑͹
ྑ͍ɽ͔͠͠ɼͨͩ࠲ඪม׵Λߦͳ͏͚ͩͰ͸ɼਤ C.4(b)ͷΑ͏ʹஅ໘্ʹ֨ࢠ఺͕ଘ
ࡏͤͣɼஅ໘ੵΛਖ਼͘͠ܭࢉͰ͖ͳ͍ڪΕ͕͋ΔɽΏ͑ʹɼਤ C.4(b)Ͱ͸֨ࢠ఺ͷؒΛ
ద౰ͳखஈ5Ͱิ׬͢Δඞཁ͕͋Δɽ
4͜͜Ͱݴ͏ෳࡶͳܥͱ͸ɼܭࢉ͢ΔϋϛϧτχΞϯͷαΠζ͕େ͖͘ɼ༗ݶͳ஋ͷ੒෼͕ଟ͍ܥͷ͜ͱΛ
ࢦ͢ɽ
5MATLAB΍Mathmaticaͱ͍ͬͨղੳιϑτͷ࢖༻ͳͲ
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ʹײँͷҙΛදͤͨ͞௖͖·͢ɽ
·ͣɼओ೚ࢦಋڭһͰ͋Δ෬԰༤ل।ڭतʹޚྱਃ্͛͠·͢ɽֶ෦ͷଔۀݚڀ͔Βͷ
6೥ؒɼ࠙੾ͳޚࢦಋΛ͍͖ͯͨͩ͠·ͨ͠ɽԿ౓΋͝໎࿭Λ͓͔͚ͨ͠ࢲΛɼ೜଱ڧ͘
͝ࢦಋ͍͖ͨͩɼઌੜʹ͸৺ΑΓޚྱਃ্͛͠·͢ɽຊത࢜࿦จΛࣥච͢Δ͜ͱ͕Ͱ͖ͨ
ͷ΋ɼݚڀʹؔ͢Δ෬԰ઌੜͱͷٞ࿦ͱՊֶٕज़࿦จʹؔ͢Δ͝ࢦಋ͕͔͋ͬͨΒͩͰ͢ɽ
෬԰ઌੜʹ͸৺ΑΓײँਃ্͛͠·͢ɽ෭ࢦಋڭһͰ͋Δதଜਔ।ڭतʹ͸ɼஆ͔͍͓੠
͕͚Λ௖͖ɼ৺ΑΓޚྱਃ্͛͠·͢ɽຊ࿦จʹର͢Δوॏͳॿݴ΋௖͖ɼΑΓྑ͍ത࢜
࿦จΛࣥච͢Δ͜ͱ͕Ͱ͖·ͨ͠ɽ৹ࠪҕһΛҾ͖ड͚ͯͩͬͨ͘͞ඌؔ೭߁ڭतɼେ෵
ହ࢘।ڭतɼদྛ࿨޾।ڭत͔Β΋ɼຊ࿦จͷ࡞੒ʹ͋ͨΓوॏͳॿݴΛ௖͖·ͨ͠ɽਂ
͘ײँ͍͓ͨͯ͠Γ·͢ɽύϦߴ౳෺ཧԽֶֶߍ Kamran BehniaڭतɼBenoi Fauqueത
࢜ɼAurerie Collaudinത࢜Βʹ͸࣮ݧσʔλͷఏڙΛ͍͖ͨͩ·ͨ͠ɽ৺ΑΓײँਃ্͠
͛·͢ɽ෬԰ݚڀࣨͷଔۀੜ΍ޙഐͷօ༷ʹ΋ײँ͍ͨ͠ͱࢥ͍·͢ɽాத༷ɼ౔԰͞Μ
ͳͲത࢜ਐֶΛ͞Εͨઌഐ͕͍ͨ͜ͱͰɼത࢜՝ఔ͕ͲͷΑ͏ͳ΋ͷ͔۩ମతʹ೺Ѳ͢Δ
͜ͱ͕Ͱ͖·ͨ͠ɽब৬ޙ΋͓๩͍͠தɼ౓ʑ͝ॿݴΛ͍͖ͨͩ੣ʹ͋Γ͕ͱ͏͍͟͝·
ͨ͠ɽ෬԰ݚॳظͷ஥ؒͰ͋Δ࢛ਓʢ৽Ҫ͞Μɼ૔໼͞Μɼߴڮ͞Μɼ຤ਖ਼͞Μʣʹ΋ޚ
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ݚڀࣨੜ׆ͷݪ఺Ͱ͋Δͱߟ͍͑ͯ·͢ɽطʹଔۀͨ͠ޙഐ΍ɼݱࡏ෬԰ݚʹࡏ੶͍ͯ͠
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